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This r e p o r t  summarizes work performed by the  Space Sciences Department, 
McDonnell Douglas Ast ronaut ics  Company - Western Div is ion  f o r  t he  Nat iona l  
Aeronautics and Space Administrat ion under Cont rac t  NASw-1620. The work 
cons i s t ed  of f i e l d  experimental  s t u d i e s  of dus t  d e v i l s ,  t h e  establ ishment  of 
a q u a n t i t a t i v e  dus t  d e v i l  model, and the  t ransformat ion  of t h i s  model t o  Martian 
condi t ions  t o  determine whether dus t  d e v i l s  could occur on Mars and be  
respons ib le  f o r  t h e  Martian yellow clouds.  Volume I comprises t h e  t e c h n i c a l  
d i scuss ion  and p r e s e n t s  the  program f ind ings .  The b a s i c  f i e l d  experimental  
d a t a  a r e  given i n  Volume 11. 
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$ , O  INTRODUCTION AND S U W R U  
This r e p o r t  p r e sen t s  a  summary of work p e r f s m e d  during t h e  per iod  June  1, 1967 
through fsechlmber 5 ,  1968 on a s tudy  of dus t  d e v i l s  as r e l a t e d  t o  t h e  !YIartian 
yellow c louds ,  The o b j e c t i v e  of t h i s  s tudy was t o  determine whether dus t  
d e v i l s  could occur on Mars, and b e  r e spons ib l e  f o r  t h e  obsemed yellow cbouds, 
P a r t i c u l a r  emphasis was g iven  t o  f i e l d  s t u d i e s  s f  d u s t  d e v i l s  s i n c e  r e l a t f v e l p  
few good d a t a  were a v a i l a b l e  concerning t h e i r  s t r u c t u r e  and t h e  condi t ions  
under which they f o m .  
F i e ld  d a t a  were obtained i n  t h e  Mojave Desert  of Southern C a l i f o r n i a ,  Quan t i t i e s  
measured were temperature as a  f u n c t i o n  of he igh t  ( s u r f a c e  t o  1500 meters  above 
t h e  s u r f a c e )  and t ime,  background wind v e l o c i t y  and d i r e c t i o n ,  atmospheric 
v o r t i e i t y ,  wind v e l o c i t i e s  i n s i d e  d u s t  d e v i l s ,  and d u s t  d e v i l  d i m e t e r ,  s ense  
of r o t a t i o n ,  h e i g h t ,  l o c a t i o n ,  and time of occurrence,  S u f f i c i e n t  d a t a  were 
obta ined  t o  a l low a  q u a n t i t a t i v e  d u s t  d e v i l  model t o  be  formulated.  It w a s  
found t h a t  d u s t  d e v i l  gene ra t i on  occurs  ad j acen t  t o  t h e  s u r f a c e  and t h a t  d u s t  
d e v i l  frequency and diameter  i s  determined by t h e  near  s u r f a c e  (< 10 meters)  
temperature l a p s e  r a t e .  I t  was a l so  found t h a t  the  v e r t i c a l  v e l o c i t i e s  i n  
bus t  d e v i l s  a r e  dependent only upon t h e  t h i cknes s  of t h e  t o t a l  supe rad i aba t i c  
layer (typiea%%-9rr s e v e r a l  hundred meters  i n  he igh t )  and t h e  mean l a p s e  r ace  i n  
t h i s  l a v e r ;  and t h a t  t h e  t a n g e n t i a l  ( r o t a t i o n a l )  v e l o c i t i e s  a r e  dependent only 
upon t h e  v e r t i c a l  v e l o c i t y ,  dus t  d e v i l  diameter ,  and the e f f e c t i v e  he ight  of 
t h e  i n f  bow l a y e r ,  
A computer program was formulated,  which p r e d i c t s  t h e  p o s s i b l e  temperature  p r o f i l e s  
i n  che lowermost ?far t ian atmosphere, U t i l i z i n g  t h e s e  p r o f i l e s  and she  phys i ca l  
d u s t  d e v i l  model, i t  is found t h a t  d u s t  d e v i l s  should occur  on :-fars and could 
be  r e spons ib l e  f o r  the yellow e l suds .  
2,0 PREVIOUS RELATER WORK 
2,1 Mart ian Yellow Clouds 
-- - 
The Martian yellow clouds are gene ra l ly  believed Lo c o n s i s t  sf granular 
m a t e r i a l  which bas been swept from t h e  su r f ace  by t h e  atmospheric winds. 
The p r i r n a r ~ ~  evidence for t h i s  i s  t h e  var ious  p s l a ~ i z a t i s n  and photometric 
obser'ii-atioas of" t h e s e  clou&s and t h e  s u r f a c e ,  made by a n7mber s f  investi- 
g a t o r s ,  which i n d i c a t e  that both t h e  c l o d s  and t h e  su r f ace  a r e  composed sf 
genertl l ly s i m i l a r ,  and p a r t i c u l a t e ,  m a t e r i a l .  Addi t iona l  i nd ica t ions  have 
been ~ r o v i d e d  by (I) t h e  genera l  b e l i e f  t h a t  water is e s s e n t i a l l y  absent at 
t h e  su r f ace  so  t h a t  su r f ace  granular  ma te r i a l  should be i n  a "loose" form 
suscep t ib l e  t o  wind a c t i o n ,  ( 2 )  t h e  r e l a t i v e l y  h igh  wind v e l o c i t i e s ,  irp t o  
"100 km/hr, observed t o  be a s soc i a t ed  with cloud genera t ion  (implying t h a t  
winds a r e  requi red  f o r  format ion) ,  and ( 3 )  t h e  observa t ion  t h a t  yellow clouds 
appear t o  occur p r e f e r e n t i a l l y  rct t i m e s  of maximm s u r f a c e  hea"cng, and i n  t h e  
a r eas  o f  m m i m t u n  hea t ing ,  i , e ,  , when a rnaximm a m o u n b f  atmospheric i n t e r n a l  
and p o t e n t i a l  energgr m8y be a v a i l a b l e  f o r  conversion t o  k i n e t i c  energy, 
U t e r n a t i v e  explana t ions  f o r  t h e  yellow clouds have been proposed i n  t h e  p a s t ,  
These a r e  (I) t h a t  t h e  clouds a r e  f o m e d  by volcanic  a c t i v i t y ,  ( 2 )  t h a t  t hey  
a r e  f o m e d  by a s t e r o i d a l  impact,  o r  ( 3 )  t h a t  t hey  a r e  f i m e d  by a phase change 
of su r f ace  NO caused by su r f ace  warming; i n  t h i s  ease  t h e  clouds would c o n s i s t  2 
of NO2 r a t h e r  than  dus t .  The p r i n c i p a l  a r g m e n t s  aga ins t  a volcanic  o r i g i n  
a r e  (I) t h e  clouds a r e  formed predominantly i n  rela"kive%y narrow b e l t s  i n  t h e  
v i c i n i t y  of' t h e  equator  (it would be q u i t e  f o r t u i t o u s  i f  zones s f  v s l ean i@ 
a c t i v i t y  showed such a decided e q u a t o r i a l  p rox imi ty ) ,  and ( 2 )  a vo lcanic  o r i g i n  
would r e q u i r e  an implausibly high r a t e  of' volcanic a c t i v i t y  on Mars, The 
principal arguments against a s t e r o i d a l  impact product ion a r e  a l s o  t h e  noted 
equatorial proximity and the impact rate required, The argments  against 
nitrogen oxide phase changes are (1) the geoLogIe diffieultjes in accounting 
fcr the large amount cf NOp required, (2) the lox present upper bound far 
nitrogen oxides in the Martian atmosphere (sagan et al,, 1965), and ( 3 )  the 
point noteed by Sinton (19611 that NO, is highly absorbing and hence if the 2 
clouds were composed sf' KO2 they woad Etppear dark, contrary to sbserv&isn, 
Ryan (1964a, b) considered the wind velocities required to remove granular 
material from the surface, He finds that for a reasonable surface model the 
required velocities are about 80 Rm h r - I  (for a surface pressure = 80 nb) , 
and 200 km hr-l ( if 25 mb 1. For 10 mb the velocity becomes 330 km hr - I  
and for 5 mb it is ~ b 5 0 - 5 0 0  km hr-l. Mariner I V  and recent spectroscopic 
studies indicate that the pressure is most likely in the qproximate range 4-10 
mb, Tt is seen then that the velocities apparently required for initiation sf 
grain motion far exceed my ever observed on the planet, It was concluded by 
Ryan that the most plausible ways in which compatibility could be achieved 
are eith~rif (1) the initiating winds are of such short duration that they have 
escaped detection, or (2) the initiating winds are part sf a kight cyclonic 
system (or systems) and hence not observable f r o m  Earth, the obse%-vrz"cisns of 
cloud drift pertaining then to the general atmspheric sircubadion, The 
Pemer possibility implies that gusts associated with frontal systems could 
be primarily responsible for cloud generation, This appears now to be l ess  
likely on the basis sf the Mariner TV result for the surface presswe, The 
vegy %otr pressure indicated requires much higher initiating gust wind veLsciLies 
than would be expected to be superimposed on the relatively Law velocity winds 
-1 (<TO km hs ) of the general circuP;ii;isn ( a s  d e l e m i n e d  from long-durajJian 
cloud movement observations 1 ,  
As for the Latter possibility, it was noted by Ryan (1964 b) that with the 
"dry1' conditions pertairring orr Mars, dus"tdevils w o u l d  be a -pc?ssibLe soalrce 
meehanlsm far t h e  yellow clouds, This possibility has been considered 
further by Neubauer (1966)~ 
The question of the nature of the yellow clouds has received added importance 
as the result sf Mariner IV, particularly due to the discovery sf craters on 
the Martian surface, Lei ghtcrn et al, (1965) ), by analogy with t h e  arson, noted 
9 that the craters should be quite old, possibly 2-5 x 10 years, This, coupled 
with the evidence that the craters do not appear to be eroded to a degree 
significa~tly greater than the ancient Lunar craters, would imply tbat 
erosional processes on Mars were never very effective, Eeightan (1965) sub- 
sequently did state, however, tbat there was some indication that for a given 
c ~ a t e r  size, the Eviartian craters were shallower "can the lunar craters, 
Me noted that this difference may be due to eoljtraa erosion, T4ssr.e r ecen t ly ,  
three articles, by hders and Arnold (1 9651, Witting et ale ( 3  965) , and 
Baldwin (l965), have appeared in whish the age proposed by Eeighton et al, 
f o r  t h e  Martian cr~ters has been challenged, En particular, the respective 
writers conclude, on the basis of the expected asteroidal i n f l m  rate on Mars, 
%ha*# the hecraters are no older than 800 million years and possibly as young as 
300 million years (~mdess and ~rnold), that they are about 300 million years 
old (Witting et a%,) and about 700 million years old (~alciwin), h d e r s  and 
Arnold note  %ha% such a, Isw age implies a significant amount of surface e?b-os%on, 
possibly accounted for entirely by dust storms, Baldwin notes that a subatan- 
t i a %  ano~~p!+ oP erosion on Mars is indicated, 
Opik (1966) c r i t i c i z e d  a l l  of t h e  above e s t ima te s  on t h e  grounds tha t .  t11ey 
wholly o r  i n  p a r t  used t h e  Moon a s  t h e  c a l i b r a t i o n  s t anda rd  f o r  c o l k i s i o n  
f r equenc i e s ,  a p i k  coneluded t h a t  e ros ion  on Mars i s  about 30 t i m e s  slessser 
than i n  t e r r e s t r i a l  d e s e r t s  and about  7U t i m e s  f a s t e r  than on t h e  :<son. 
The processes  involved i n  t h e  gene ra t i on  s f  t h e  yellow clouds a r e  probably one 
of t h e  primary e r o s i o n a l  mechanisms which may a c t  a t  t h e  Martian s u r f a c e ,  Wind 
a c t i o n  a lone  cannot c o n t r i b u t e  s i g n i f i c a n t l y  because even i f  h igh  wind v e l o c i t i e s  
a r e  p r e s e n t ,  t h e  d y n a d c  p re s su re s  exe r t ed  a r e  q u i t e  Pow (due t o  t h e  low atmo- 
s p h e r i c  s u r f a c e  p re s su re ) .  Rather ,  t h e  primary e r o s i v e  agents  would b e  t h e  g ranu la r  
m a t e r i a l  a c c e l e r a t e d  t o  high v e l o c i t i e s  by these  winds,  Hence, i t  appears  t h a t  
s t u d i e s  of t h e  yellow clouds can provide information a s  t o  the  e f f e c t i v e n e s s  of 
e o l i a n  e r o s i o n a l  p rocesses  on Mars ( a l t e r n a t i v e l y ,  whether s i g n i f i c a n t  wind e ros ion  
i s  l i k e l y  a t  a l l ) ,  and thus a i d  i n  t h e  understanding of t h e  age ( s )  of t h e  c r a t e r s .  
2 .2  Dust Devi ls  
-- 
2 - 2 . 1  General  
Dust d e v i l s  a r e  t h e  only t e r r e s t r 5 a l  t i g h t  cyc lonic  systems which do not  de r ive  
any of t h e i r  energy from, o r  depend upon, water  phase changes. On Ear th  
tlaey occur  i n  a r e a s   here "loose'"rrcmlar m a t e r i a l  i s  p re sen t  ( t h i s  is a 
necessary  condi t ion  f o r  g r anu la r  m a t e r i a l s  t o  be  c a r r i e d  a l o f t  and f o r  t h e  
d e v i l  t o  be  v i s i b l e ,  b u t  n o t  f o r  t h e s e  cyc lonic  systems t o  be p r e s e n t ) ;  i n  
t h e  presence of a supe rad i aba t i c  temperature  l a p s e  rake ;  and when atmospheric 
v ~ r t i c i t y  i s  p re sen t .  The Mart ian yellow clouds tend t o  occur  under t h e  
same c o n d i t i o n s ,  t h a t  i s  around t h e  a r e a s  and times of maximum s u r f a c e  hea t ing  
(G i f fo rd ,  1964; Wells, 1966) implying supe rad i aba t i c  l a p s e  ra tes ,  and when t h e  
atmospheric  c i r c u l a t i o n  is most vigorous (Kuiper,  1961) implying a maximum 
amount s f  a tmospheric  v o r t i c i k y .  Also, t h e  e s s e n t i a l  back s f  water  on Xars 
i m p l i e s  t h a t  t h e  s u r f a c e  m a t e r i a l  mav b e  i n  a l o o s e  (dsv) s ta te  s u s c e p t i b l e  
t o  wind a c t i o n ,  
The on ly  p r e s e n t l v  observed d i f f e r e n c e  betkreen t h e  v s l l o ~ r  c l o u d s  and ter res t r ia l  
d u s t  d e v i l s  i s  one of s c a l e ,  t h e  v e l l o ~ s  c louds  a t  t i m e s  cover ing  a  thousand o r  
s o  s q u a r e  k i l o m e t e r s  s f  a r e a  whereas an i n d t v i d u a l  d u s t  d e - J ~ P  on E a r t h  r a r e l y  
h a s  a  d iamete r  i n  e x c e s s  of about  100 meters .  However, t h i s  s c a l e  d i f f e r e n c e  
q u e s t i o n  can b e  r e s o l v e d  on a  q u a l i t a t i v e  b a s i s  bv t h e  arguments t h a t  (1) i t  P s  
k i k e l v  t h a t  a  much more p l e n t i f u l  supp lv  of g r a n u l a r  m a t e r i a l  s u s c e p t i b l e  t o  
be ing  c a r r i e d  a l o f t  i s  p r e s e n t  on Mars than  on E a r t h  due t o  t h e  l a c k  of d u s t  
s i n k s ,  e , g , ,  oceans ,  v e g e t a t e d  and mois t  a r e a s ,  e t c , ,  on >fars ,  (2 )  t h e  
Wart ian atmosphere,  even i f  t h e  s u r f a c e  p r e s s u r e  i s  o n l y  5 mb, can m a i n t a i n  
g r a n u l a r  m a t e r i a l  a l o f t  i n  t h e  g r a i n  s i z e  r a n r e  of prtmary i n t e r e s t  (10-200 p) 
a t  l e a s t  a s  e a s l l y  a s  t h e  E a r t h ' s  atmosphere,  and ( 3 1 ,  when c o n d i t i o n s  a r e  
p r o p e r  f o r  d u s t  d e v i l  fo rmat ion  on E a r t h ,  d u s t  d e v i l s  can become q u i t e  numerous: 
i f  t h e  s tarface  of Mars i s ,  as g e n e r a l l y  b e l i e v e d ,  much more uniform t h a n  t h e  
E a r t h ' s  t h e n  c o n s i d e r a b l e  d u s t  d e v i l  a c t i v i t y  could  occur  over  a  l a r g e  a r e a  
and t h i s  a c t i v i t y  might b e  r e s p o n s i b l e  f o r  t h e  yeblow c louds .  
2 . 2 + 2  F i e l d  S t u d i e s  
F i e l d  s t u d i e s  of d u s t  d e v i l s  have been made s p o r a d i c a l l y  f o r  a  number of y e a r s .  
Few i n d i v i d u a l s  have been invo lved  i n  t h e s e ,  however, and as a r e s u l t  of t5is 
g e n e r a l  l a c k  o f  i n t e r e s t  by t h e  s c i e n t i f i c  community few d a t a  have been o b t a i n e d .  
Also ,  most of t h e  available d a t a  c o n s i s t  of v i s u a l  o b s e r v a t i o n s  w i t h  some 
approximate  and very  f e w  p r e c i s e  measurements inc luded .  The b u l k  of t h e  work 
has  been done by Flowers (19361, I v e s  ( l 9 4 7 ) ,  Will iams (19481, and S f n c l a i r  
(1964, 1965a,b ,  l 9 6 6 ) ,  PPswers found,  from 409 o b s e r v a t i o n s  i n  t h e  Near E a s t ,  
t h a t  (1) most dus t  d w i l s  occurred dur ing  t h e  h o e t e s t  t i m e  of the  yea r ,  a l s o  
a t  t h e  h o t t e s t  t i m e  of the  day, (2) they va r i ed  i n  diameter  from about  a  few 
meters t o  about 900 meters ( a l l  d iameters  being v i s u a l  e s t i m a t e s ) ,  ( 3 )  they 
va r i ed  i n  he igh t  ( t o  top of dus t  column) from about 25 meters t o  Rrea l e r  than 
308 meters  (aga in  a  v i s u a l  e s t i m a t e ) ,  t h e  h e i g h t  i nc reas ing  a s  diameter  i n c r e a s e s ,  
-1 (4)  t h e i r  fo rnard  v e l o c i t y  averaged between about 10-40 km h r  , (5) they were 
generated only when a  supe rad i aba t i c  temperature  l a p s e  r a t e  was p r e s e n t ,  ( 6 )  
i n d i v i d u a l  d e v i l s  persisted f o r  a s  bong a s  twenty minutes and ( 7 )  h o r i z o n t a l  
-1 
wind v e l o c i t i e s  a s  g r e a t  a s  50 km h r  were p re sen t  i n  the  d e v i l s ,  with 
-1. 
a s soc i a t ed  v e r t i c a l  v e % o c i t i e s  a s  g rea r  o r  g r e a t e r  than 10 lim h r  ( v e l o c i t y  
e s t ima te s  ob ta ined  from v i s u a l  observaeion of d e b r i s  contained w i t h i n  t h e  d e v i l s ) .  
Eves (19491, from s t u d i e s  i n  t h e  Western United S t a t e s ,  no t e s  eases  of d u s t  
d e v i l s  Las t ing  more than fou r  hours ,  reaching a  he igh t  (he ight  t o  top  of dus t  
column) of almost a  k i lometer  ( v i s u a l  e s t i m a t e ) ,  and t r a v e l i n g  d i s t a n c e s  of 
about S O  ki lometers .  He a l s o  no tes  t h a t  (1)  d u s t  d e v i l s  a r e  most f requent  i n  
broad, a r i d  b a s i n s ,  tghere t h e r e  i s  l i t t l e  o r  no s u r f a e e  vege t a t i on  and much 
loose  s u r f a c e  dus t ;  a l t e r n a t i v e l y ,  where % s e a l  r e l i e f  i s  cons ide rab l e ,  d e v i l s  
a r e  seldom repo r t ed ,  ( 2 )  dus t  d e v i l s  most f r equen t ly  occur  i n  c l e a r  weather when 
t h e r e  i s  l i t t l e  o r  no s u r f a c e  wind, and occur only i n  t h e  presence of a  super- 
a d i a b a t i c  l a p s e  r a t e ,  and (3) t h e  Largest  d e v i l s  occur  onlv i n  t h e  most a r i d  
a r ea s .  Eves ob ta ined  a  few rough measures of t he  temperature l a p s e  r a t e s  p re sen t  
dur ing  t i m e s  of d u s t  d e v i l  a c t i v i t y  f i n d i n g  l a ~ s e  r a t e s  up t o  a few hundred 
meters above t h e  s u r f a c e  of as much as 4-5 times dry a d i a b a t i c .  He a l s o  
obtained crude measurements of t h e  h o r i z o n t a l  wind v e l o c i t i e s  i n  t h e  d e v i l s ,  
-I f ind ing  t h a t  they o f t e n  exceeded 2120 Irm h r  , b u t  probably d id  no t  exceed "180 
-1 km h r  . Williams ( 1948 )  performed h i s  o b s e ~ . i ~ a & i o n s  i n Cen t r a l  C a l i f o r n i a  
concluding t h a t  l o c a l  atmospheric shea r  might b e  i m ~ o r t a n t  i n  dus t  d e v i l  
formalion,  
S i n c l a i r  (1464, 9965a, b ,  1466) was t h e  f i r s t  i n v e s t i g a t o r  t o  a t t e m p t  t o  
make p r e c i s e  measurements of d u s t  d e v i l  i n t e r n a l  dynamics,  and I l l s  work i s  
considerably .  more comprellensive than  t h a t  of t h e  p r e v i o u s  imestj g a t o r s ,  We 
measured a tmospher tc  p r e s s u r e ,  t empera tu re ,  wind v e l o c i t y  and wind d i r e c t i o n  
changes i n  d u s t  d e v i l s  a t  2 and LO meter  h e i g h t s  above t h e  s u r f a c e ,  and per -  
formed a  number o f  s a i l p l a n e  f l i g h t s  above d u s t  d e v i l s ,  measuring t empera tu re  
and v e r t i c a l  wind v e l o c i t y .  H e  eonfirmed t h a t  a  p r e s s u r e  drop ( t y p i c a l l y  a  few 
m i l l i b a r s )  o c c u r r e d  i n s i d e  d u s t  d e v i l s  and t h a t  a  t empera tu re  r ise of s e v e r a l  
" C  was a s s o c i a t e d  w i t h  t h e  d u s t  d e v i l .  T a n g e n t i a l  wind v e l o c i t i e s  a s  g r e a t  a s  
- 1 40 Icm h r  were recorded  w i t h  l e s s e r  v e r t i c a l  (upward) and r a d i a l  wind v e l o c i t i e s .  
A s m a l l  magnitude dotgndraft was observed i n  t h e  v i c i n i t y  s f  t h e  d u s t  d e v i l  
c e n t e r ,  The s a i l p l a n e  f l i g h t s  i n d i c a t e d  t h a t  u p d r a f t s  a s s o c i a t e d  w i t h  d u s t  
d e v i l s  were p r e s e n t  s e v e r a l  k i l o m e t e r s  above t h e  s u r f a c e .  
2,2,3 t(.lnematic D e s c r i p t i o n  
I t  h a s  been known f o r  some t i m e  t h a t  t h e  v i s i b l e  d u s t  d e v i l  c o n s i s t s  of a c o r e  
i n  e s s e n t i a l l y  s o l i d  r o t a t i o n ,  i n s o f a r  a s  t h e  t a n g e n t i a l  v e l o c i t y  is concerned,  
surrounded by a  r e g i o n  i n  7.rhich t h e  t a n g e n t i a l  v e l o c i t y  d e c r e a s e s  outward mons- 
t o n i c a l l y  w i t h  d i s t a n c e  from t h e  c o r e  boundary. Itowever, i t  h a s  n o t  been u n t i l  
r e c e n t l y ,  p r i m a r i l y  from t h e  work of S i n c l a i r  (19661, t h a t  exper imenta l  d a t a  
r e q u i r e d  t o  advance our knowledge of d u s t  d e v i l  k i n e m a t i c s  were o b t a i n e d ,  
S i n c E a i r  h a s  shown t h a t ,  g e o m e t r i c a l l y ,  t h e  mature  d u s t  d e v i l  can be  d i v i d e d  
i n t o  t h r e e  v e r t i c a l  r e g i o n s .  Region P c o n p r l s e s  t h e  lower boundarv Layer 
c h a r a c t e r i z e d  by t u r b u l e n t  i n f l o w  and v i s i b l e  a s  a  d i f f u s j n g ,  sha l low,  d u s t  
c loud n e a r  t h e  ground, E t  i s  i n  t h i s  r e g i o n ,  t h e  f r i c t i o n  l a y e r ,  t h a t  a i r  
(and d u s t )  i s  e n t r a i n e d  i n t o  t h e  d u s t  d e v i l  c o r e .  That i s ,  above t h i s  r e g i o n  
t h e r e  i s  a b a P m c e  between p r e s s u r e  g r a d i e n t  and c e n t r i f u g a l  f o r c e s  ( s t a b l e  
v o r t e x )  whereas i n  t h e  f r i c t i o n  l a y e r  t h e  r o t a t i o n a l  v e l o c i t y ,  and hence 
c e n t r i f u g a l  f o r c e ,  i s  considerably reduced (Scorer ,  1958, pp, 52-54). Above 
t h i s ,  Region P I  is cha rac t e r i zed  bv a  t h i n ,  sha rp ly  def ined c y l i n d r i c a l  o r  
s l i g h l v  c o n i c a l  r o t a t i n g  dus t  column having a  very l a r g e  he iqh t  t o  diameter  
r a t i o .  Surrounding t h i s  sha rp ly  def ined reg ion  i s  a  surrounding volume of 
r o t a t i n g  a i r f l ow .  t i t t l e  o r  no mixing occurs  between t h e  eore  and surrounding 
a i r .  Region 1 x 1  begins  where t h e  top  of t h e  dus t  column becomes t u r b u l e n t ,  
wi th  t h e  d u s t  ( i f  s t i l l  v i s i b l e )  d i f f u s i n g  r a d i a l l y  wi th  he igh t  i n  a  manner 
analogous t o  an e x t r a i n i n g  j e t  o r  plume, The r o t a r v  motion appears  t o  decay 
r a n i d l y  w i th  he igh t  above Region I T ,  R e ~ ~ r t e d  s i z e s  of dus t  d e v i l s  a r e  almost 
i nva r i ab ly  t he  v i s u a l  e s t ima te s  of dus t  dimensions i n  Region 11, Reported 
h e i g h t s  vary from a  few meters t o  s e v e r a l  hundred meters  w i th  diameters  from 
t e n t h s  s f  a  meter t o  s e v e r a l  t e n s  of meters .  The e x t e n t  of Region I11 i s  l e s s  
we l l  def ined because i t  i s  not  v i s i b l e  (e .g ,  dus t  densf ty  is  low). S i n c l a g r ' s  
s a i l p l a n e  f l i g h t s  over  dus t  d e v i l s ,  however, i n d i c a t e  t h a t  i t  is  s t i l l  w e l l  
developed a t  a l t i t u d e s  of s e v e r a l  k i lometers  wi th  diameters  of 1 t o  2 km, 
No uoper l i m i t  t o  t h e  s t r u c t u r e  has  a s  y e t  been determined. 
The major f e a t u r e s  of t he  v e l o c i t y  f i e l d  ( a f t e r  S i n c l a i r )  a r e  as fo l lows ,  I n  
Regfsn P I  t h e  maximum t a n g e n t i a l  ( r o t a t i o n a l )  v e l o c i t y  (v ) is  t v a i c a l l y  
max 
l a r g e r  than ,  bu t  of t h e  same o rde r  of magnitude as ,  t h e  v e r t i c a l  component 
(w ) ,  and both occur  a t  t h e  e o r e  boundary. The r a d i a l  v a r i a t i o n  of v i n  a  
max 
mature dus t  d e v i l  corresponds c l o s e l y  t o  t h a t  of a  "combined Rankine vortex".  
The magnitude of t h e  r a d i a l  component (u) i s  about ha l f  t h e  t a n g e n t i a l  a t  t h e  
lower l e v e l s  and a  sma l l e r  f r a c t i o n  above. However, due t o  ( S i n e l a i r ' s )  
measuring techniques less confidence should be  given t o  t he  measured v a l ~ i e s  
repor ted  f o r  u ,  than those  f o r  v ,  Secondary evidence e x i s t s  f o r  t h e  e x i s t e n c e  
of r a d l x l  in f low throughout Region 11, except i n t o  t h e  core  i t s e l f ,  i n  t h e  f a c t  
t h a t  t h e  dus t  is  not  cen t r i fuged  out  of the  vo r t ex .  For i n s t a n c e ,  i f  t h e  
boundary s f  t h e  dus t  i s  a t  r = 2  meters and has  a t a n g e n t i a l  v e l o c i t y  of v = 
- l 2 - 2  5 msec then t h e  c e n t r i f u g a l  a c e e l e r a t i o n ,  1P = 1 2 . 5  msec = 1.2 g .  Sample 2 
dus t  s i z e s  ( S i n c l a i r )  range from 5v t o  200u wi th  a median of abomt 4 0 ~ -  For a 
40v p a r t i c l e  t o  have s u f f i c i e n t  inx\rard drag t o  balance t h i s  l , 2 g  acce%era t ion ,  
-1 - 1 
u = 0 - 2 5  msee is r equ i r ed ;  f o r  a  2QOp p a r t i c l e ,  u = 2 msec i s  requi red  
(though v  f o r  w e l l  developed dus t  d e v i l s  is  u s u a l l y  i n  t h e  range 10 t o  20 
max 
- L 
msec , t h e r e  i s  n o a p r i o r i r e a s o n  f o r  expect ing t h a t  t h e  d u s t  boundary corresponds 
exactly t o  t h e  c o r e  boundary). While t h e  va lues  of u a r e  smal le r  than the  
o t h e r  two components, t h e  t o t a l  r a d i a l  convergence i n  t h e  l a y e r  comprising 
Region I1 can be  l a r g e ,  
Along t h e  c o r e  a x i s  t h e r e  i s  a  r e l a t i v e l y  low v e l o c i t y  downdraft wfth r a d i a l  
outf low,  a t  l e a s e  near  t h e  ground, and i n  t h i s  sense  t h e  dus t  d e v i l  can be 
considered t o  b e  a  two-eel% vo r t ex ,  S incLai r  sugges t s  t h a t  t h i s  downdraft is 
due t o  t h e  l a c k  of h y d r o s t a t i c  equi l ib r ium as soc i a t ed  w i th  t he  s t rong  v e r t i c a l  
a c c e l e r a t i o n s  occu r r ing  near  t he  ground, 
2.2.4 Generation Dynamics 
I t  became c l e a r  t o  t h e  e a r l y  i n v e s t i g a t o r s  t h a t  necessary condi t ions  f o r  t h e  
formation of d u s t  d e v i l s  were t h e  presence of a  supe rad i aba t i c  temperature 
l a p s e  r a t e  near  t h e  ground wi th  t h e  a s soc i a t ed  convec t ive ly  u n s t a b l e  l a y e r  
- 
--- 2  
extending t o  some h e i g h t ,  s a p  h ,  and l i g h t  s u r f a c e  winds,  U x 5  msec , The 
supe rad i aba t i c  l a p s e  r a t e  was necessary  t o  f u r n i s h  an energv sorlrce f o r  t h e  
genera t ion  of k i n e t i c  energy. Low background winds were necessary t o  prevent  
t h e  d e s t r u c t i o n  of t h e  i n c i p i e n t  vo r t ex  by mechanical tu rbulence ,  
The f i r s t  a t tempt  t o  formulate  t he  generation dynamics on a  q u a n t i t a t i v e  b a s i s  
was made bv Plox~ers  (1336). Flowers considered a  d e v i l  t o  be  formed by l o c a l  
ove r tu rn ing  of t h e  s taperadiabat ie  column wi th  t h e  r e s u l t i n g  decrease  i n  i n t e r n a l  
energy s f  t h e  column appearing i n i t i a l l y  a s  r o t a t i o n a l  kbnetj-c energy. H e  a l s o  
devised a  phys i ca l  model f o r  a  dus t  d e v i l ,  c o n s i s t i n g  of a  core  i n  " s o l i d  
r o t a t i o n "  surrounded by a  r o t a t i n g  a i r  mass whose v e l o c i t y  a t  any po in t  i s  
i n v e r s e l y  p ropor t i ona l  t o  t h e  d i s t a n c e  from t h e  c e n t e r  of t h e  dev%l ,  The 
r e s u l t a n t  equat ion is  : 
2 E = nw h  p r4 l0 .25 + I n  n] d a o  
where E = k i n e t i c  energy,  w = angular  v e l o c i t y  of s o l i d  core ,  hd = he igh t  of 
d e v i l ,  p = a i r  d e n s i t v ,  r = r ad ius  of s o l i d  core ,  and n = r a t i o  of d e v i l  
a o  
diameter  t o  core  diameter .  
FLorger's work was extended by Bat tan  (1958) t o  inc lude  atmospheric p o t e n t i a l  
energy, Bat tan considered two models f o r  dus t  d e v i l  genera t ion .  For t h e  
f i r s t  model, h e  assumed t h a t  t h e  over turn ing  of t h e  u n s t a b l e  a i r  column was 
complete, i , e . ,  t h a t  a u n i t  mass a t  t h e  base  of t he  column was r a i s e d  ad iaba t -  
i c a l l y  t o  t h e  top ,  and v i c e  v e r s a  f o r  t h e  a i r  mass i n i t i a l l y  a t  t he  top.  Thls  
model i s  u n r e a l i s t i c ,  a s  noted bv Bat tan ,  s i n c e  It l eads  t o  a  temperature 
i nve r s ion ,  For t h e  second model, Ba t tan  requi red  t h a t  t h e  ove r tu rn ins  be  
i s e n t r o p i c  and t h a t  t h e  f i n a l  l a p s e  r a t e  be dry  adbaba t ic .  This model i s  a l s o  
u n r e a l i s t i c  s i n c e  i t  r e s u l t s  i n  a  s i g n i f i c a n t  temperature  d i s c o n t i n u i t y  a t  t h e  
top of t he  column. h a d d i t i o n a l  d i f f i c u l t v  wi th  Ba t t an ' s  t rea tment  i s  t h a t  
t h e  numerical r e s u l t s  ob ta ined  a r e  c r i t i c a l l y  dependent upon t h e  numerical 
va lues  used ( s o l u t i o n  r e q u i r e s  s u b t r a c t i o n  between two q u a n t i t i e s  which a r e  
verv n e a r l y  t he  same). This  d i f f i c u l t y  can be overcome by expansion i n t o  series 
f o m ,  which appa ren t ly  Bat tan  d id  no t  do, from which numerical va lues  a r e  
ob ta ined  t h a t  a r e  o rde r s  of magnitude smal le r  than those  presented by Bat tan,  
and which a r e  i n  cons iderab le  disagreement wi th  t h e  a v a i l a b l e  F ie ld  da t a ,  
Ryan and Fish (1965) extended  att tank approach, u t i l i z i n g  what appeared to  be 
a more r e a l i s t i c  model, The temperature  a t  t he  t op  of t h e  column was maintained 
cons t an t .  The over turn ing  of t h e  column, i n i t i a l l y  having a supe rad i aba t i c  
l a p s e  r a t e  (assumed l i n e a r ) ,  then continued u n t i l  t h e  l a p s e  r a t e  became dry 
a d i a b a t i c .  The equa t ion  f o r  t h e  change i n  i n t e r n a l  and p o t e n t i a l  energy of t h e  
column, which energv is assumed t o  be  converted i n i t i a l l y  i n t o  k i n e t i c  energy, 
was then  determined t o  be: 
where E = k i n e t i c  energy pe r  u n i t  su r f ace  a r e a ,  h - he igh t  t o  which the  
a 
supe rad i aba t i c  l apse  r a t e  ex t ends ,  g - g r a v i t a t i o n a l  a c c e l e r a t i o n ,  p = s u r f a c e  
a 
atmospheric dens i tv ,  Po = atmospheric Dressure a t  s u r f a c e ,  vi = i n i t i a l  Lapse 
r a t e ,  C = s p e c i f i c  hea t  of atmosphere a t  cons tan t  Dressure,  R = un ive r sa l  
P 
gas  cons t an t  divided by molecular  weight ,  and T - i n i t i a l  temperature  a t  
0, 
L 
s u r f a c e .  This equa t ion  says  t h a t  t h e  a v a i l a b l e  k i n e t i c  energy per  u n i t  a r e a  
column inc reases  a s  t he  i n i t i a l  Lapse r a t e  becomes more and more super- 
a d i a b a t i c ,  a s  t h e  he igh t  t o  which the  supe rad i aba t t c  l apse  r a t e  extends 
i n c r e a s e s ,  and a s  t h e  atmosnheric su r f ace  dens i tv  (o r  P / T  ) i nc reases .  
0 0 i 
Note a l s o  t h e  dependence upon g ,  and C . and t h a t  E i s  most s e n s i t i v e  t o  h ,  
D ' a 
vary ing  wi th  t he  square  of t h i s  q u a n t i t y ,  This equa t ion  was then equated t o  
Ffswer ' s  dus t  d e v i l  model, Equation ( I ) ,  assuming t h a t  t h e  energy inpu t  comes 
s o l e f v  from the  d e v i l  core  t o  g ive :  
where v  = maximum t a n g e n t i a l  ( r o t a t i o n a l )  ~ q i n d  v e l o c i t y  developed i n  t h e  
max 
dust d e v i l .  
There  a r e  s e v e r a l  d i f f i c u l t i e s  w i t h  t h e  'hsverturning" approach t o  d u s t  d e v i l  
g e n e r a t i o n ,  which must be  no ted  c a r e f u l l y .  F i r s t  i t  assumes t h a t  a l l  k i n e t i c  
energv  a p p e a r s  i n f t i a l l v  a s  r o t a t i o n  (assuming o t h e m i s e  c r e a t e s  c o n s i d e r a b l e  
mathemat ical  d i f f i c u l t v ) .  Th i s  r e p r e s e n t s  on lv  some s o r t  of uoper bound t o  
t h e  degree  of r o t a t i o n  produced,  s i n c e  i t  is  known ( S i n e l a i r ,  1966) t h a t  
r a d i a l  and v e r t i c a l  wind v e l o c i t y  components a r e  o r e s e n t  a l s o ,  Second, t h e  
approach r e p r e s e n t s  o n l v  a  p o s s i b l e  i n i t t a l  p r o c e s s  i n  d u s t  d e v i l  fo rmat ion .  
That i s ,  f s l l o ~ q i n g  i n i t i a t i o n  t h e  d u s t  d e v i l  w i l l  e n t e r  a  " s teady  s t a t e "  
c o n d i t i o n  where it i s  e x t r a c t i n g  energv from t h e  su r rounding  a i r  a t  some 
r a t e  and d i s s i p a t i n g  i t  upward a t  t h e  same r a t e .  The w i n d  v e l o c i t i e s  produced 
w i l l  depend i n  some manner upon what t h e  r a t e  i s ,  T h i r d ,  t h e  approach assumes 
k i n e t i c  energv i s  d i s t r i b u t e d  uniformly over  a  h e i g h t  bd. F o u r t h ,  %h$s h i s  d  
d i f f i c u l t  t o  a s s e s s ,  s i n c e  t h e  o n l y  a v a i l a b l e  measurements a r e  f o r  t h e  h e f g h t  
of t h e  d u s t  column and t h e r e  need be  no d i r e c t  r e l a t i o n  between d u s t  h e i g h t  
and h e i g h t  o f  r o t a r y  motion.  F i fc t l ,  t h e  e q u a t i o n s  tell t h e  energv t h a t  is  
a v a i l a b l e  f o r  convers ion  t o  k i n e t i c  energy i f  o v e r t u r n i n g  proceeds  i n  a 
s p e c i f i e d  manner and t o  a  s p e c i f i e d  degree ,  However, t h e r e  is  a t  p r e s e n t  no 
knowledge r e g a r d i n g  what t h i s  "manner" and "degree" may be.  F i n a l l y ,  t h e  
approach d i s r e g a r d s  any o t h e r  s o u r c e  of d u s t  devd l  r o t a t i o n  energy .  Of 
w a r t i c u l a r  n o t e  is  a tmospher ic  v o r t i c i t y  \$hose p o s s i b l e  r o l e  h a s  been d i s c u s s e d  
by s e v e r a l  i n v e s t i g a t o r s ,  Some of t h e  early a u t h o r s  (Pves,  1947; Wil l iams,  1948) 
recognized t h e  r o l e  of s m a l l  d i s t u r b a n c e s ,  such as l o c a l  s h e a r ,  i n  i n i t i a r i n g  
d u s t  d e v i l s .  However, F t  h a s  been on lv  r e c e n t l y  t h a t  a number of t h e o r e t i c a l  
t r e a t m e n t s  on a tmospher ic  convec t ive  v o r t i c e s ,  such a s  by Dergarabedian and 
Fendel l  ( l 967 ) ,  Cutman ( l957 ) ,  and Kuo (1966, 19671, have appeared, which 
emshasized t h e  ~ o s s f b l e  importance of t he  gene ra l  atmospheric v o r t i c i t v  - - 
t h a t  r a d i a l  inf low as soc i a t ed  w i th  t h e  upflow might concen t r a t e  atmospheric 
angular  momentum, producing t h e  l a r g e  t a n g e n t i a l  v e l o c i t i e s  i n  t h e  d e v i l ,  
T h e o r e t i c a l  and experimental  s t u d i e s  of convection i n  a  h o r i z o n t a l ,  t h i n  l a y e r  
of an i n i t i a l l y  i r r s t a t i o n a l  f l u i d ,  wi th  m d  wfthout a  mean h o r i z o n t a l  f low,  
show t h a t  t he  predominant component of v o r t i c i t y  generated i s  o r i e n t e d  normal 
t o  t h e  l o c a l  g r a v i t y  v e c t o r ,  i . e , ,  over turn ing ,  wit11 no organized v e r t i c a l  
component, The s t u d i e s  which produce v e r t i c a l l y  o r i e n t e d  v o r t i c e s  a r e  those  
~ s h i s h  s t a r t  wi th  t h e  f l u i d  i n  s o l i d  r o t a t i o n  about a v e r t i c a l  a x i s ,  I t  is  
w e l l  known t h a t  i n  such a  system, v e r t f c a i  motions a r e  suppressed i n  t he  body 
s f  t he  f l u i d ,  and occur only a t  t h e  a x i s  of r o t a t i o n  and t h e  r a d i a l  boundaries 
(Taylor ,  1919, 1921) . 
"6ese s t u d i e s  implv, a s  S i n c l a i r  a l s o  sugges t s ,  t h a t  background v o r t i ~ i t y  is a 
necessary  condi t ion  f o r  convect ion t o  occur i n  t he  dus t  d e v i l  mode r a t h e r  than 
t h e  plume-bubble ( thermal)  mode. However, they shed l i t t l e  l i g h t  on t h e  o r i g i n s  
of t h i s  v o r t i c i t y .  To he lp  c l a r i f y  t h e  problem, i t  i s  of i n t e r e s t  t o  consider  
t h e  equa t ion  f o r  t h e  l o c a l  change i n  t h e  v e r t i c a l  component of v o r t f c i t y  i n  
c y l i n d r i c a l  coo rd ina t e s ,  f o r  axfsvmmetrie flow. That i s :  
l a 
rqhere % (VP) =" v e r t i c a l  component of v o r t i c i t y ,  u ,  v ,  w a r e  veEsc i tv  
r 3 r  
component i n  t he  r ,  0, z d i r e c t i o n ,  4 =" t a n g e n t i a l  component of shear ing  B 
stress, and f o r  i n c o m ~ r e s s i b l e  f low,  which i s  assumed he re  a f t e r  S i n e l a i r ,  
au a~ 
- ( T + a r )  = -  a ~ "  From t h i s  equa t ion  i t  can be seen  t h a t  i f  the  background flow 
- 
is  i r r s t a t i o n a l ,  then 5 2 O e v e r y h e r e ,  T = 0 ,  and i f  no vortex i s  p re sen t  B 
aw av i n i t i a l l v ,  :- ----- - 0 ,  Under t h e s e  condi t ions  no vor tex  can subsequent lv  form, 
d~ a~ 
However, i f  5 f O and over  some a r e a  has  t he  same sense ,  then an i n c i p i e n t  
upd ra f t  must be  a s soc i a t ed  wfth convergence and advee t i sn  of v o r t i e i t v ,  and 
the  s p i n  up process  w i l l  occur concurrent  wi th  t h e  development s f  t h e  u p d r a f t .  
This increased  r o t a t i o n  w i l l  tend t o  suppress  v e r t i c a l  motions l o c a l l y  except 
a t  t h e  i n c i p i e n t  co re ,  A s  ttre vo r t ex  i n t e n s i f i e s ,  t he  c n n t r i b u t i o n  of t h e  
t w i s t i n g  term v r i L l  i nc rease  along wi th  t h e  o t h e r  terms. Unless t h e r e  is  a  
s i g n i f i c a n t  change i n  t h e  sense  of 5 i n  t he  environment, t he  v o r t e x  w i l l  grew 
u n t i l  t h e  f r i c t i o n a l  d i s s i p a t i o n  balances t h e  o t l ~ e r  terms. 
I n  s u m a r y ,  c u r r e n t  thought i s  t h a t  t h r e e  condi t ions  a r e  necessarv and suf -  
f i c i e n t  f o r  dus t  d e v i l  formation: I) a supe rad i aba t i c  temperature l a p s e  r a t e  
extending from t h e  s u r f a c e  t o  some h e i g h t ,  2) an app rec i ab l e  amount s f  atmo- 
sp t le r ic  v o r t i c i t v ,  and 3 )  s u f f i c i e n t l y  Light winds ss a s  not  t o  mechanically 
d i s r u p t  the  vo r t ex ,  Hol~ever,  "se f i e l d  experimental  d a t a  have been i n s u f f i c i e n t  
i n  q u a l i t y ,  q u a n t i t v ,  and type t o  a l low the  pe r t i nence  of each t o  be evaluated 
and a  q u a n t i t a t i v e  model cons t ruc ted .  
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b) The gene ra l  meteoroEogt~ of t h e  a r ea  i s  w e l l  known - - meteorological  
observa t ions  have been made f o r  a  numher of years  i n  a s s o c i a t i o n  
wi th  g l t d e r  Eaunchings, I n  a d d i t i o n ,  Y r ,  John Aldridge, U, S ,  
Weather Bureau, L s s  Angeles, has  made d e t a i l e d  s t u d i e s  i n  t he  a r e a ,  
e )  Meceoro%ogical condi t ions  i n  t h e  a r e a  a r e  q u i t e  v a r i a b l e  - - t h e  
playa i s  loca t ed  s u f f i c i e n t l y  c l o s e  t o  t h e  Transverse Range t o  be 
in f luenced  by c o a s t a l  weather p a t t e r n s  t o  a  g r e a t e r  degree than t h e  
p layas  f u r t h e r  i n l and ,  This  means t h a t  dus t  d e v i l  genera t ion  can be 
s tud i ed  under a  v a r i e t y  of cond i t i ons ,  and hence information can be  
gained a s  t o  t h e  condi t ions  under which d u s t  d e v i l s  would no t  occur .  
3 - 1 . 2  S i t e  P repa ra t i on  
The f i r s t  s t e p ,  a f t e r  s e l e c t i o n  of t h e  l o c a t i o n  of t h e  measurement s b a t i o n ,  was 
t o  e l e a r  t h e  surrounding a r ea  of a l l  sage  brush,  The b a s i c  purpose of t h i s  
was t o  ob t a in  optimum locomotion e a p a b i l i % i e s ,  The c l ea red  a r e a  w a s  approximately 
2 PO0 x 300 m wfth t h e  aaaasuremene s t a t i o n  c l o s e  to  t h e  center, long dimension 
of t h e  a r ea  was a l igned  perpendicu la r  t o  t h e  p r e v a i l i n g  wind l i r e e t f o n ,  and 
only dus t  d e v i l s  i n  the c leared  a r ea  were s t u d i e d .  The a r e a  was sc raped ,  and 
then rescraped p r i o r  t o  each dav" ope ra t i on ,  This served t o  c r e a t e  a q u a n t i t y  
of  loose  dus t  which ac ted  a s  a t r a c e r ,  The g r a n u l a r  m a t e r i a l  produced cons i s t ed  
p r i n c i p a l l y  of f i n e s ,  a  few t o  a  few t e n s  of microns i n  diameter .  However, 
s i g n i f i c a n t  amounts of l a r g e r  g r a i n s ,  up t o  s e v e r a l  hundred microns were a l s o  
presen t .  Surveyed s t a k e s  were placed a t  va r ious  l o c a t i o n s  i n  t he  a r ea  t o  a i d  
I n  ob ta in ing  reasonably accu ra t e  e s t ima te s  of dus t  d e v i l  d i s t ance  ( t h i s  allowed 
measurements of d u s t  d e v i l  h e i g h t ,  e t c .  t o  be ob ta ined  by a n g u l a t i s n ) ,  
3 . 2  ?feasurement Ra t iona l e  
--------- 
I t  became ev iden t ,  from s tudy  of t h e  r e s u l t s  obtained by previous workers,  
thac c e r t a i n  important  parameters  r e l a t i n g  t o  dus t  d e v i l s  had no t  rece ived  
s u f f i c i e n t  a t t e n t i o n ,  and t h a t  many d a t a  were needed, I c  was concluded t h a t  
t h e  most important q u a n t i t i e s  t o  measure v e r e  (a) atmospheric temperature ,  
(b)  atmospheric wind v e l o c i t y  and d i r e c t i o n ,  (c)  atmospheric v o r t i e i t v ,  ( d )  
wind v e l o c i t i e s  i n s i d e  d u s t  d e v i l s ,  (e)  dus t  d e v i l  c h a r a c t e r i s t i c s  such a s  
t i m e  of occurrence,  l o c a t i o n ,  d u r a t i o n ,  f requency,  d iameter ,  dus t  and b i l l ow  
h e i g h t s ,  and d i r e c t i o n  of r o t a t i o n ,  and ( f )  genera l  meteoro logica l  condi t ions .  
I t  was decided t h a t  atlnospk~eric t e p e r a t u r e  should be  measured from t h e  s u r f a c e  
t o  a he igh t  exceeding t h a t  a t  which t h e  Lapse r a t e  ceased t o  be  supe rad i aba t i c ,  
and t h a t  t h e  changes of t he  p r o f i l e  wi th  t i m e  should he  monitored. Prel iminary 
s t u d i e s  i nd i ca t ed  t h a t  measurements t o  1500 meters  above the  s u r f a c e  should 
s u f f i c e ,  The measurements, a t  a l t i t u d e ,  were made by means s f  a l i g h t  a i r c r a f t .  
Continuous s r o f i l e s  were made (about 2 Km each h o r i z o n t a l  p a s s ) ,  a t  he fgh t s  of 
1540, 920, 300, 150, and 37 meters.  Temperatures below t h e s e  l e v e l s  were 
monitored bv p o l e  mounted senso r s  a t  0.3,  1, 2 ,  4 ,  8 and 14 merers above t h e  
su r f ace ,  Three t o  f i v e  minute averages of t h e  po le  temperatures  were made 
every f i f t e e n  minutes.  Each complete a i r c r a f t  p r o f i l e  took about 20-30 minutes.  
Continuous recordings of wind v e l o c i t y  and d i r e c t i o n  were made i n  t h e  v i c i n i t y  
of t h e  po le .  Continuotis record ings  were a l s o  made of a s p e c i a l l y  designed 
" v o r t i c i t y "  meter which ind i ca t ed  atmospheric v o r t i c i t y ,  
Recordings of dus t  d e v i l  wind v e l o c i t i e s  were made u t i l i z i n g  a p o r t a b l e  two- 
a x i s  h o t  wi re  anemometer. This  device  measured t h e  v e r t i c a l  and t a n g e n t i a l  
v e l o c i t i e s ,  it being decided t o  r e l y  upon S i n e l a i r k  (1966) work f o r  e s t ima te s  
af the muck smaller radial velocity. The measurement procedure was as follows, 
Once a dust devil was spotted in the measurement area it would be pursued bv 
car until the car was nositioned d o ~ ~ n  wind of the devil, The hot wire cretq 
would then disembark, and align themselves in the devil's path, Immediately 
before penetration, the man holding the anemonnetor would align the anemometer, 
turn on the recorders, and drop to the ground allowing the devil to pass over 
him The second man would help direct him to a proper penetration, obtain dust 
devil diameter and direction of rotation, and note anv unusual characteristics 
of the devil, 
Distance from the base station, time of occurrence, duration and diameter were 
recorded for all dust devils in the measurement area. The time of occurrence 
was entered directlv onto the wind velocity-direction-vorticity record, Dust 
and billow heights were measured by theodolite (billow height is defined as 
the height at which the dust devil loses its well defined columnar structure, 
this being indicative of vortex breakdown), Direction of rotatisn, as well as 
being recorded by the hot wire crew, was recorded by four to five ~ersonnel 
s~aeed over the measurement area. The general meteorolsgieal conditions in the 
region were obtained from Weather Bureau charts. 
3.3 Ins tramentation 
---- 
3.3.1 Temperature 
Ground temperature was measured utilizing a full-immersion thermometer, This 
was placed, horizontally, immediately below the surface of the ground in the 
vicinity of the pole, and covered with a %bin dirt cover (<I mm). The dirt 
covering was formed to approximate the undisturbed surface as closely as 
possible. Checks sf the thermometer readings against those of a radiometer 
indicated the thermometer read about 5°C lower than the actual surfaee temperature, 
A l l  p o l e  s e n s o r s  were  Yellow S p r i n g s ,  Xodel 405, t h e r m i s t o r s ,  These were 
capped w i t h  chrome p l a t e d  copper cups t o  i n c r e a s e  t h e i r  t ime c o n s t a n t ,  With 
- l 
t h i s  ar rangement ,  a time c o n s t a n t  of 2 minutes  i n  an 8 krn h r  wind was a t t a i n e d .  
A l l  t h e r m i s t o r s  were c a l i b r a t e d  i n  a w a t e r  b a t h  rasing t h e  0.3 meter  s e n s o r  as 
t h e  s t a n d a r d ,  The same l e a d s ,  and Lead l e n g t h s ,  used i n  t h e  f i e l d  were 
u t i l i z e d  d u r i n g  t h e  c a l i b r a t i o n ,  The c a l i b r a t i o n  was good t o  about + B , l g C  
- 
( r e l a t i v e  t o  t h e  r e f e r e n c e  s e n s o r ) .  A l l  t h e  p o l e  s e n s o r s  were r a d i a t i o n  
s h i e l d e d  from t h e  sun and ground bv f o u r  aluminum s h e e t s  a r ranged  i n  pagoda 
f a s h i o n  w i t h  t h e  s e n s o r  b e i n g  i n  t h e  c e n t e r .  The p l a t e s  were h e l d  i n  
p o s i t i o n ,  and s e p a r a t e d ,  by l u c i t e  r o d s .  A b a t t e r y  d r i v e n  f a n  was mounted 
a d j a c e n t  t o  each s e n s o r  f o r  a s p i r a t i o n  purposes ,  U t i l i z i n g  t h e s e  f a n s  i t  
- l 
was p o s s i b l e  t o  m a i n t a i n  a 15-20 km h r  wind f low o v e r  t h e  s e n s o r s ,  The 
s e n s o r  o u t p u t s  were monitored wFth a Yellow S p r i n g s  Xul t i -Channel ,  Multi-Probe 
Tele-Thermometer, 
The a i r c r a f t  s e n s o r  was a l s o  a >fodel 405 t h e r m i s t o r ,  I t  was a t t a c h e d  6 s  a 
wooden dowel which was i t s e l f  mounted t o  t h e  end of t h e  p i t o t  t u b e  a t  t h e  
wing t i p  ( t h e  s e n s o r  p ro t ruded  beyond t h e  f o r n a r d  end of t h e  p i t s t  t u b e  and 
t h e  s e n s o r  element was d i r e c t l y  exposed t o  t h e  a i r  f lors) ,  No r a d i a t i o n  
s h i e l d i n g  was u t i l i z e d .  The s e n s o r  was monitored by a modif ied Y e l l o ~ q  Spr ings  
S i n g l e  Channel TeEe-Thermmeter and t h e  o u ~ ~ u t  recorded  ~ s i t h  a B.C,  o p e r a t e d  
Rus t rak  r e c o r d e r  ( t h e  Tele-Thermometer m o d i f i c a t i o n  c o n s i s t e d  of makinq i t s  
o u t p u t  compat ible  w i t h  t h e  r e c o r d e r ) ,  The a i r c r a f t  s e n s o r  system w a s  c a l i b r a t e d  
i n  t h e  same manner as were  t h e  p o l e  s e n s o r s ,  u t i l i z i n g  t h e  0 , 3  meter  s e n s o r  
a s  r e f e r e n c e ,  The r e c o r d e r  i t s e l f  could  b e  read  t o  about  + 0.3'6, 
- 
3 , 3 , 2  Background Wind Veloc i ty  and Direc t ion  
Background \.rind v e l o c i t v  was measured u t i l i z i n g  a  modified BanPorth/White 
Remote Reading Cup hemsmeter ,  The modi f ica t ion  cons i s t ed  of i nc reas ing  
s e n s i t i v i t y  a t  low wind v e l o c i t i e s ,  Wind d i r e c t i o n  was measured u t i l i z i n g  
a s ~ e c i a l l y  b u i l t  vane mounted on a  low-torque, cont inuous,  l i n e a r  po ten t io-  
meter ,  Both measurements were made a t  a  he igh t  sf 2 meters above t h e  s u r f a c e  
and t h e  ou tpu t s  were recorded wi th  an 8-channel Sanborn r eco rde r ,  
3 , 3 . 3  V o r t i c i t y  
Measurements of < (atmospheric v o r t i e i t y )  d i r e c t l y  i s  a  d i f f i c u l t  t a s k  using 
e  
s t anda rd  ins t rumenta t ion ,  En view of t h i s  a  new type  of sensor  was desiened,  
This  i n s t r m e n t  cons i s t ed  of fou r  8 cm diameter styrofoam spheres  mounted on 
t h e  ends of two mutuallv ~ e r p e n d i e u l a r  one meter rods ,  The i n t e r s e c t i o n  of 
t h e s e  rods was mounted oerpendieu la r  t o  t h e  s h a f t  of a  one t u r n ,  locr-torque, 
continuous potent iometer  wired a s  a v o l t a g e  d i v i d e r .  The output  v o l t a g e  was 
continuouslyr recorded wieh t h e  8-channel Sanborn r eco rde r ,  Each arm was 
balanced and the  device  mounted two meters  above t h e  ground wi th  t h e  p lane  of 
t h e  arms l e v e l .  Wind tunne l  tests showed t h a t  t he  device  was i n s e n s i t i v e  t o  
changes i n  wind d i r e c t i o n  and speed (below 65 lun hr-'1 and responded onlv t o  
h o r i z o n t a l  gradictnts i n  h o r i z o n t a l  v e l o c i t y ,  o r  r o t a r y  motion ( i . e ,  ce l  
The s t a r t i n g  th reshold  of t h e  devdce i s  not  known but  appeared t o  be very  low. 
With t h i s  ' % o r t i c i t y "  meeer, good i n d i c a t i o n s  of t h e  sense  and magnitude of 
t h e  background r o t a t i o n  i n  t h e  v i c i n i t y  of t h e  meter were obta ined .  
3 , 3 , 4  WInd V e l o c i t i e s  i n  Dust Devi ls  
A two a x i s  h o t  wire anemometer was cons t ruc ted  t o  measure t a n g e n t i a l  and 
ve r t i c a l  wind v e l o c i t i e s  i n  dus t  d e v i l s ,  The h a s t e  sensor  eonsfs ted  o f  two 
one m i l  p l a t inum w i r e s ,  0.5 s m  long mounted on F lowt ron ic  C o r p o r a t i o n  t i p s ,  
Each w i r e  w a s  mounted p e r p e n d i c u l a r  t o  t h e  a x i s  s f  a  t e f l o n  t u b e  about 3 em 
l o n g  and 1 cm i n  d iamete r .  A p e r f e r a t e d  s p h e r e  was mounted sur rounding  each 
t u b e ,  t h e  Durpose of t h e  s n h e r e  be ing  t o  produce an approximat ion t o  a  c o s i n e  
law a n g u l a r  dependence, The puroose  of t h e  p e r f o r a t i o n s  was to d e c r e a s e  t h e  
n o i s e  i n  t h e  v e l o c i t v  measurements caused by shed e d d i e s  around t h e  s p h e r e ,  
The t u b e s  were mounted a t  t h e  ends  o f  two c o l i n e a r  rods  e ~ h i c h  were a t t a c h e d  
t o  a  two meter  s o l e .  With t h e  p o l e  i n  t h e  v e r t i c a l  p o s i t i o n  t h e  r o d s  were 
h o r i z o n t a l  w i t h  one t u b e  be ing  a l i g n e d  I n  t h e  v e r t i c a l  d i r e c t i o n  and t h e  o t h e r  
h o r i z o n t a l ,  p e r p e n d i c u l a r  t o  t h e  rod a x i s .  The alignment-for-measurement 
p rocedure  c o n s i s t e d  thus  of p l a c i n g  t h e  p o l e  i n  a v e r t i c a l  p o s i t i o n  and p o i n t i n ?  
t h e  r o d s  a t  t h e  d u s t  d e v i l  c e n t e r .  The a s s o c i a t e d  e l e c t r o n i c s ,  ambient temp- 
e r a t u r e  compensation c i r c u i t s ,  and r e c o r d e r s  were mounted on t h e  p o l e .  The 
e n t i r e  svs tem was c a l i b r a t e d  by s p i n n i n g  L t  on a  t u r n t a b l e  st: v a r i o u s ,  and 
-I 
c o n t r o l l e d ,  speeds .  Th is  c a l i b r a t i o n  was good t o  about  - t- 0,2 Km h r  , w i t h i n  
t h e  accuracy  l i m i t a t i o n s  of t h e  f i e l d  measurements themse lves ,  
4.0 EXPEWET~NTAL DATA AFTD INTERPRETATION 
4 . 1  Basic  Data 
The b a s i c  temeterature da t a  are given I n  Volume 11, The d a t a  a r e  f o r  11 days, 
p resen ted  s e q u e n t i a l l y ,  which were t h e  most s u i t a b l e  a s  regards  u n f f o m  
meteoro logica l  condi t ions  ( e s s e n t i a l l y  no cloud cover ,  winds n o t  too s t r o n g ,  
very Low humidi tv) .  Data a n a l y s i s ,  with one except ion  noted l a t e r ,  is  l i m i t e d  
t o  t h e s e  days,  The f i r s t  graph f o r  each day shows t h e  a i r c r a f t  temperature 
p r o f i l e s .  Following t h i s ,  t h e  complete temperature p r o f i l e s  ve r sus  heiglxt are 
shor~n i n  t i m e  sequence. 
The b a s i c  wind v e l o c i t y ,  d i r e c t i o n ,  and v o r t i c i t y  d a t a  are  no t  presented s i n c e  
they appear a s  continuous record ings ,  bu t  peak %rind v e l o c i t i e s  pe r  two minute 
i n t e r v a l ,  and smoothed wind directLon p l o t s  a r e  given fol lowing each set of 
temperature p r o f i l e s .  Derived v o r t i c i t y  dasa are presen ted  i n  Seer ions 4 .2 .3  
and 4.2.5. 
Data concerning dus t  d e v i l  c h a r a c t e r i s t i c s  such a s  t i n e ,  l o c a t i o n  of occurrence,  
and d iameter ,  a r e  a l s o  shown i n  Volume EI fol lowing each temperature se t ,  
Addi t iona l  d a t a  on du ra t i on ,  d u s t  he igh&,  b i l l ow  h e i g h t ,  d i r e c t i o n  of r o t a t i o n ,  
and form a r e  no t  p resen ted ,  bu t  a r e  d i scussed  i n  t h e  fol lowing s e c t i o n s  where 
a p p l i c a b l e ,  
Dust d e v i l  pene t r a t i on  d a t a  a r e  presen ted  i n  Tables  I and 2 ( fol lowing i m e d i a t e l y ) .  
Table  E r ep re sen t s  t hose  d e v i l s  pene t r a t ed  during t h e  e leven  days covered by 
Volume 11, Table 2 g ives  d a t a  f o r  d e v i l s  pene t ra ted  on o t h e r  days,  t h e  d a t a  
being u t i l i z e d  s o l e l y  i n  t h e  s ea rch  f o r  c o r r e l a t i o n  between maximum t a n g e n t i a l  
wind v e l o c i t y  and devil diameter  (Section 4 , 2 . 5 ) .  I n  these tables  v i s  t he  
max 
Table 1 
VALID DUST DEVIL PENETRATIONS, 1968 
Date Time Diameter v w Comments 
PDT max max (meters) (km hr-I) (km h;l) 
1308 2-3 14.6 z2.6 Calibration base line 
uncertain 
(1) maximum tangential velocity 
(2) maximum vertical velocity 
(3)  The use of the word "ring" in the comments column indicates that a series of dust devils 
were traveling about a circle. The diameter given in this case is that of the circle. 
Table  1 (Cont 'd) 
Date Time 
PDT 
6-26-68 1315 
(cont  Id) 
1327 
Diameter v TJ 
max max Comments (meters)  (km h;') (km h r - l )  
Confused s t r u c t u r e  
Confused s t r u c t u r e  
Confused s t r u c t u r e  
Two j o i n  
Table 1 (Cont'd) 
Date 
7-25-68 
(Cont ' d) 
Time 
PDT 
Diameter 
(meters) 
v w Cemmen t s 
max max 
(km hr-l) (km hr'') 
10.5 1.6 
11.7 2.3 Possibly more than one 
- 0.9 Confused structure 
11.7 0.9 
10.4 1.2 
16.9 2.3 
2.7 
1.5 
4.3 
1.9 
4.3 
3.2 Ring 
3.2 
3.7 
6.5 
3.0 
1.6 
2.3 
2.3 
Table  1 (Cont ' d )  
Date Time 
PDT 
Diameter 
(mete r s )  
2- 3 
: 7 
2- 3 
4-6 
2 
2-3 
2- 3 
1 
3 
< 1 
5- 6 
4 
< 1 
<<1 
V 
mzlx 
(km h r - l )  
22.1 
21.6 
- 
10.8  
10.4 
19 .5  
- 
14.3 
19.5 
8 .3  
21.6 
13 
6 .8  
5.9 
W 
max 
(km h r - l )  
1 .2  
6.8 
1 .4  
1 .4  
0 .7  
0.9 
1.6 
3.2 
6 .8  
1 .5  
5.4 
2.7 
1 . 5  
1 . 8  
Comments 
Confused s t r u c t u r e  
Uncer ta in  d iamete r  measurement 
Confused s t r u c t u r e  
Confused s t r u c t u r e  
Ring 
Confused s t r u c t u r e  
~ 0 . 7  V e r t i c a l  d o u b t f u l  
3.8 
1 . 6  
2.0 
Table  1 (Cont Id) 
Date Time 
PDT 
8-281-68 1210 
(Cont ' d) 
Diameter v w 
max max (meters) (km hr- l )  (km hr-l)  
Comments 
Ring 
Ring 
Ring 
Breaking up 
Breaking up 
Table 1 (Cont ' d )  
Date Time Diameter v w Comments 
PDT max max (meters)  (km hr - l )  (km 
9-12-68 1155 
Cont ' d 
7 . 8  Probe movement 
0 .9  Ring: No. of 0.5-lm DD 
3.2 Ring: No. of 2-4m DD 
Table 2 
ADDITIONAL DUST DEVIL PENETMTLONS 
(Ut i l i zed  s o l e l y  t o  search  f o r  c o r r e l a t i o n  between maximum 
t a n g e n t i a l  v e l o c i t y ,  v and dus t  d e v i l  diameter ,  
max' 
a s  a complete d a t a  s e t  was not  taken)  
Date Time 
PDT 
Diameter 
(meters) 
v 
max 
-1 (km h r  ) 
maximum t a n g e n t i a l ,  and w t h e  maximum v e r t i c a l ,  wind v e l o c i t y  i n  t h e  d e v i l  
m ax 
measured a t  a  he igh t  of two meters ,  
Volume 11 con ta in s  p l o t s  of AT ATs/hs9 AT, h ,  a ~ d  T/dZ f o r  each day. These 
s ' 
q u a n t i t i e s ,  which s e r v e  t o  s p e c i f y  t he  temperature p r o f i l e s  i n  a  q u a n t i t a t i v e  
f a sh ion ,  a r e  def ined  a s  fo l lows ,  It was found t h a t  t h e  temperature  ve r sus  
he igh t  p r o f i l e s  could be w e l l  approximated by a  t11ree Layer model, t h e  t m p e r -  
a t u r e  l a p s e  r a t e  i n  each l a v e r  being taken a s  eons t an t .  The f i r s t  l a y e r ,  
extending from t h e  base  t h e m i s t o r  (0.3 meters)  t o  he igh t s  vary ing  between 
about  5-10 meters  above t h e  s u r f a c e ,  was always h igh ly  supe rad i aba t i c .  The 
q u a n t i t v  AT r ep re sen t s  t h e  temperature  d i f f e r e n c e  between t h e  top  and base  
s 
s f  t h i s  l a y e r ,  h r e p r e s e n t s  t h e  l a y e r  t l ~ i c k n e s s ,  and AT /h -is tl-rus tile l a p s e  
s 8 s 
r a t e  ( l i n e a r  approximation).  Choosing t h e  base  of t h i s  l a y e r  at 0.3 meters i s ,  
of course ,  a r t i f i c i a l .  Iiowever, t h e  average temperature d i f f e r e n c e s  between 
0.3 meters  and t h e  s u r f a c e  change q u i t e  s lowly,  w i th  the  l a y e r  v a r i a b i l i t y  
occur r ing  p r i n c i p a l l y  a b w e  0.3 meters. Thus , th i s  upper p o r t i o n  of t h e  base 
l a v e r  can be  used i n  t he  search  f o r  c o r r e l a t i o n s  between t h e  v a r i a b l e s  (as  
w i l l  be  seen  such c o r r e l a t i o n s  a r e  indeed p r e s e n t ) .  
Overlying t h i s  base  l a y e r  is a second l a y e r  which is a l s o  supe rad i aba t i c ,  bu t  
much less s o ,  This  l a y e r  t y p i c a l l y  has  t h i cknes se s  ranging from one hundred 
t o  s e v e r a l  hundred meters ,  the  top  being def ined a s  t h e  po in t  where t h e  l a p s e  
r a t e  ceases  t o  be  supe rad i aba t i c .  The temperature d i f f e r e n c e  between t h e  top 
of t h i s  l a y e r  and t h e  0 , 3  meter s enso r  i s  def ined a s  AT, and t h e  corresponding 
he igh t  a s  h .  The second l a y e r  t h i cknes s  (h ) is thus (h - h ) ,  t h e  temperature 2 s 
d i f f e r e n c e  (AT ) i s  (AT -AT ), and t h e  l a p s e  r a t e  CdT/dZ) Is AT /h 2 s 2 2 "  
4 . 2  Discussion of Data 
- 
4 . 2 . 1  Frequency sf  Dust Devil  Occurrence 
I t  was concluded, from the  observa t ions  of previous i n v e s t i g a t o r s ,  t h a t  d u s t  
d e v i l  frequency was probably a s soc i a t ed  i n  some manner wi th  t h e  degree of 
atmospheric i n s t a b i l i t y ,  and poss ib ly  a s s s c f a t e d  wi th  wind v e l o c i t y ,  i t s  
v a r i a b i l i t y ,  and v o r t i c i t y ,  Accordingly, .a sea rch  was made f o r  such c o r r e l a t i o n s .  
The F igures  on pp. 18-21, 32-35, 48-51, 68-71, 89-92, 108-111, 130-133, 160-963, 
186-189, 210-213, and 238-241. of Volume I f  show dus t  d e v i l  counts ,  AT, h ,  ATs, 
AT f h  and dT/dZ a s  a func t ion  s f  t i m e  f o r  t h e  e leven  days of measurement, 
s s 
S tud ie s  of t h e s e  i n d i c a t e  t h a t  dus t  d e v i l  frequency inc reases  a s  AT o r  more 
s * 
p a r t i c u l a r l y ,  a s  AT /h i nc reases .  No such c o r r e l a t i o n  i s  ev ident  f o r  t h e  ot l ter  
s s 
* 
temperature parameters . This was v e r i f i e d  by computing d u s t  d e v i l  frequency 
versus t h e  va r ious  q u a n t i t i e s ,  u t i l i z i n g  t h e  above-referenced f i g u r e s ,  The 
r e su l t s  f o r  dus t  d e v i l  frequency ve r sus  AT /h t h e  on ly  d i r e c t  c o r r e l a t i o n  
s s*  
found, a r e  presen ted  i n  Table 3 ,  This  s h o ~ ~ s  t h a t  frequency inc reases  mom- 
t o n i c a l l y  as AT /h i n c r e a s e s ,  and thus  t h a t  i n so fa r  a s  t h e  temperature  p r o f i l e  
s S 
is concerned i t  is  t h e  h igh ly  supe rad i aba t i c ,  s h a l l a ~ s  (<%a meter)  l a y e r  
ad jacent  t o  t h e  ground i n  ~ ~ h i c h  t r i g g e r i n g  occurs .  O u a l i t a t i v e l y  one would 
expect t h i s  t o  be  t h e  c a s e  s i n c e  t h e  atmosphere i s  most hiqh1.y u n s t a b l e  i n  
t h i s  l a g e r ,  
- ----- 
JE 
I n d i c a t i o n s  of a  s l i g h t  p o s s i b l e  i n v e r s e  c o r r e l a t i o n  wietfr dTfdZ can be no ted ,  
Th is  is no t  a  phys i ca l l y  meaningful c o r r e l a t i o n ,  r a t h e r  i t  can be  explained 
a s  due s o l e l y  t o  i n % e r a c t i o n  between t h e  AT /h and dT/dZ l a y e r s .  A s  t h e  
s s 
s u r f a c e  is  hea ted ,  AT /h  i nc reases ,  Eventual ly  convect ion begins ,  t rans-  
8 8 
f e r r i n g  h e a t  i n i t i a l l y  i n t o  t h e  base reg ion  of the over ly ing  l a y e r ,  thus 
i nc reas ing  dT/dZ and decreasinp, AT /h . Subseq~aently,  iET/dZ w i l l  tend t o  
s s 
decrease  as hea t  is  t r a n s f e r r e d  upward i n  t h e  l a y e r ,  while  AT f h  i s  inereasFng 
S S 
aga in .  
Table 3 
DUST DEVIL FREQUENCY VERSUS ATs/hs, THE TEMPERATURE LAPSE RATE 
I N  THE SHALLOW ( < l o  METER) LAYER ADJACENT TO THE GROUND 
D.D. r a t e  
(no. mi*-' . I51  .388 .412 .457 .471 ,507 .512 .584 
% of t i m e  
p a r t i c u l a r  
ATs/hs range 1 .3  8.5 28.6 26.7 13.5 13.0 5.0 2.4 
was p re sen t  
-- 
T o t a l  No, of Dust Devi ls  i n  Sample = 1119 
T o t a l  Counting Time = 2494 minutes (approx. 41.5 h r s . )  
Next, a t t a p t s  were  made t o  de te rmine  whether  a tmospherfe  v o r t i c i t y ,  wind, 
and wind v a r i a t i o n  c o r r e l a t e d  w i t h  dus& d e v i l  f requency.  This  was done bv 
h o l d i n g  AT I h  c o n s t a n t  and p l o t t i n g  d u s t  d e v i l  f requency v e r s u s  t e n  minute  
S 8 
averages  of t h e  q u a n t i t i e s  L 15 , LV, and t h e i r  p roduc t .  Here L / ge / i s  t h e  sum 
e 
of she  magnitudes o f  t h e  v o r t i c i t y  meter  movement i n  t h e  t e n  minu te  i n t e r v a l ,  
d i v i d e d  by t i m e ,  which g i v e s  a measure o f  t h e  amount of v o r t i c i t y  p r e s e n t ;  CV 
is t h e  sum of t h e  peak background wind velocities p e r  t w o  minute  i n t e r v a l ,  
d i v i d e d  by t h e  number of i n t e r v a l s ,  which g i v e s  a measure s f  t h e  mean background 
wind, No c o r r e l a t i o n  was found, P t  would t h e n  appear  t h a t  v o r t i c i t y  ~ 1 a q . s  a 
minor r o l e  i n  de te rmin ing  d u s t  d e v i l  f r equency  compared t o  t h a t  s f  AT / h  . 
s s 
However, much mare d e t a i l e d  a n a l y s i s  o f  t h e  r e c o r d s  w i l l  be  n e c e s s a r y  t o  e o n f i m  
t h i s ,  
4.2 .2  Dust Devi l  Diameter 
The pages  i n  Volume If r e f e r e n c e d  a t  t h e  beg inn ing  of t h e  p r e v i o u s  s e c t i o n  
(4 .2 .P )  show, among o t h e r  t h i n g s ,  d u s t  d e v i l  d iamete r .  Comparison of t h e s e  
d i a m e t e r s  w i t h  t h e  q u a n t i t i e s  AT, h ,  dTfdZ, ATs and dTs/h f o r  each day i n d i c a t e  
s 
a p o s s i b l e  c o r r e l a t i o n  between AT o r  more p a r t i c u l a r l y  AT / h  and t h e  
s ' s 5' 
d iamete r  of d u s t  d e v l l  t h a t  occurs .  Th i s  c o r r e l a t i o n  is  s h o r n  i n  F igure  1. 
This  f i g u r e  shows a l l  d u s t  d e v i l s  observed f o r  which a good measure of d iamete r  
was o b t a i n e d ,  excep t  t h a t  on ly  r e p r e s e n t a t i v e  sampl ings  are p l o t t e d  i n  t h o s e  
a r e a s  o f  t h e  graph where d a t a  p o i n t  d e n s i t y  i s  h i g h ,  It i s  s e e n  t h a t  t h e  
average d u s t  d e v i l  d iamete r  i n c r e a s e s  as AT /h  i n c r e a s e s .  I n  p a r t i c u l a r ,  it 
s S 
i s  s e e n  t h a t  f o r  a g i v e n  AT / h  t h e r e  i s  a maximum d u s t  d e v i l  d iamete r  t h a t  
a s 
can occur  w i t h  a l l  s m a l l e r  d iamete r s  p o s s i b l e ,  and that t h i s  maximum nossPbPe 
d i a m e t e r  Pncreases  a s  AT /h i n c r e a s e s ,  TInere is  a l s o  an l n d i c a r f o n  of a low 
S S 
AT /h  d u s t  d e v i l  c u t o f f ,  no d e v i l s  o c c u r r i n g  f o r  AT /h  0.14"C m-'* Exac t ly  
S S s S 
PROPOSAL/REPORT 
LANDSCAPE FORMAT 
where t h e  c u t o f f  p o i n t  i s ,  ho~gever ,  i s  u n c e r t a i n  s i n c e  t h e  lowes t  AT /h  
s S 
observed was 0.13 and v a l u e s  less t h a n  8.14 occur red  f o r  a  t o t a l  of o n l y  a few 
t e n s  of minu tes .  N e v e r t h e l e s s ,  i t  seems r e a s o n a b l e  t o  conclude from t h e  f i g u r e  
-1 t h a t  t h e  c u t o f f  p o i n t  i s  n o t  less t h a n  AT /h  = O.lO°C m T h i s  a p p e a r s  t o  
s s 
demons t ra te  t h e  requirement  of a  s u p e r a d i a b a t i c  l a p s e  r a t e  f o r  d u s t  d e v i l  
g e n e r a t i o n  ( n o t e  t h a t  AT /h  = 8.10 is  s t i l l  h i g h l y  s u p e r a d i a b a t i c ) ,  
S s 
I n  summary, t h e s e  f i n d i n g s  show t h a t  t h e  sha l low:  h i g h l y  s u n e r a d i a b a t i c  l a v e r  
a d j a c e n t  t o  t h e  s u r f a c e  p l a y s  a  dominant r o l e  i n  de te rmin ing  t h e  maximum d u s t  
d e v i l  d iamete r  t h a t  can be produced ( i t  a l s o ,  a s  s e e n  from t h e  p r e v i o ~ ~ s  s e c t i o n ,  
d e t e r n i n e s  d u s t  d e v i l  f r equency) .  It i s  hence concluded t h a t  d u s t  d e v i l  
g e n e r a t i o n  o c c u r s  i n  t h i s  b a s e  l a v e r ,  The r e l a t i o n s h i p  beeqeen AT /h and 
s s 
d u s t  d e v i l  d iamete r  can h e  e x p l a i n e d  q u a l i t a t i v e l v  in t h e  sense t h a t  as the 
t empera tu re  l a p s e  rate i n  t h e  b a s e  l a y e r  i n c r e a s e s ,  an a i r  p a r c e l  a c c e l e r a t e d  
upward (bv bouvancv f o r c e s )  can more e a s i l y  t r i g g e r  a d j a c e n t  p a r c e l s  t o  move 
upward; a l s o ,  t h e  d i s t u r b a n c e  can b e  e f f e c t i v e  i n  t r i g g e r i n g  t o  a g r e a t e r  d i s t a n c e  
from the s o u r c e  p a r c e l ,  t h e  e x a c t  d i s t a n c e  b e i n g  i n f l u e n c e d  bv o t h e r  f a c t o r s  
such a s  wind and v o r t i c i t v  ( f u r t h e r  d a t a  a n a l y s i s  i s  required t o  e v a l u a t e  t h e  
p r e c i s e  r o l e  of t h e s e  o t h e r  f a c t o r s ) ,  
S , 2 . 3  D i r e c t i o n  of Dust Devi l  R o t a t i o n  
Tab le  4 shows t h e  d a t a  p e r t a i n i n g  t o  d i r e c t i o n  of d u s t  d e v i l  r o t a t i o n ,  back- 
ground wind v e l o c i t y , a n d  t h e  c o r r e l a t i o n  c o e f f i c i e n t s  between d u s t  d e v i l  
r o t a t i o n  d i r e c t i o n  and v o r t i c i t y  s e n s e ,  f o r  t h e  days i n  which s u f f i c i e n t  d a t a  
were o b t a i n e d .  I n  t h i s  Tab le ,  Column 1 i s  t h e  t o t a l  nennber s f  d u s t  d e v i l s  
observed i n  t h e  coun t ing  a r e a ,  Columns 2 and 3 g i v e  t h e  d i r e c t i o n  of r o t a t i o n  
f a r  t h o s e  measured ( d i r e c t i o n  of r o t a t i o n  was o b t a i n e d  bv o b s e r v e r s  i m e d i a t e l v  
Tabla 4 
CTION OF DUST DEVIL WJTATIOPII, B&CKGmUND VINa VELWI 
AND CQRRELATION COBFFICIEMTS EETk?KE.N 
VORTICITY 
6. 
1. 2. 3. 4.  5. Cor re l a t ion  Coef f i c i en t  
3 
T o t a l  mpeak To ta l  Near 
Date D.D. CW CCW ) &I hr-’) Sig.  A l l  Sig. A l l  
6-13-68 23 3 8 24.2 5.5 +.33 +.30 -+1.0 tO.8 
6-26-68 88 31 19 9.3 4.9 .14 .ll .18 .21 
6-27-68 118 32 31. 25.4 4.6 .44 .33 .48 .43 
7-25-68 222 59 64 18.3 6.3 .55 .45 .80 .70 
8-22-68 157 44 29 12.2 3.6 .35 .25 .55 .40 
8-23-68 119 33 45 18.2 4.2 .40 .30 .40 .33 
9-5-68 126 23 43 16.9 4.1 .24 .20 .33 .29 
9-12-68 158 38 52 10.6 3.3 .33 .24 .30 .20 
37 
adjacent  t o ,  o r  i n ,  t h e  dus t  d e v i l ) ,  Column 4 g ives  t he  peak background wind 
v e l o c i t y  i n  a  two minute per iod  averaged over t he  whole obse rva t iona l  per iod ,  
Column 5 g ives  t h e  averaged n e t  change i n  peak background wind betx~een t h e  
same two minute pe r iods ,  and Column 6 g ives  t h e  c o r r e l a t i o n  c o e f f i c i e n t s  between 
d i r e c t i o n  of v o r t i c i t y  meter and d u s t  d e v i l  r o t a t i o n .  The sub-headings under 
Column 6 a r e  defined a s  fol lows:  t o t a l  = a l l  measured dus t  d e v i l s  i n  t he  
counting f i e l d  (500 x 300 mZ); - near  = those  w i t h i n  100 rn of t h e  s t a t i o n ;  
s%$. = c o r r e l a t i o n s  computed using only those  dus t  d e v i l s  t h a t  occurred during 
per iods  of measurable v o r t i c i t y  meter r o t a t i o n ;  and - a l l  - a l l  dus t  d e v i l s  
r ega rd l e s s  of whether v o r t i c i t y  meter r o t a t i o n  could be measured, 
It i s  seen  t h a t  t h e r e  i s  a d e f i n i t e  c o r r e l a t i o n  between d i r e c t i o n  of dus t  d e v i l  
and v o r t i c i t y  meter rotatlioaz, t h e  c o r r e l a t i o n  improving wi th  decreasing d ~ . ~ s t  
d e v i l  d i s t a n c e  from t h e  s t a t i o n  and wi th  inc reas ing  background wind v e l o c i t v .  
This  i n d i c a t e s  t h a t  atmospheric v o r t i c i t y  determines t h e  d i r e c t f o n  of dus t  
d e v i l  r o t a t i o n ,  
4.2.4 Dust Devil V e r t i c a l  Wind Veloc i ty  (w) 
The d a t a  f o r  t h e  maxinrum v e r t i c a l  v e l o c i t i e s  (1qmax) i n  dus t  d e v i l s  a r e  given i n  
Table 1, The purpose of t h i s  s e c t i o n  i s  t o  d e t e m l n e  the  func t iona l  r e l a t i s n -  
s h i p ,  i f  any, between w and t h e  o t h e r  p a r m e t e r s  measured (though the  p r o f i l e  
max 
of w through t h e  dus t  d e v i l  was recorded i t  was decided t o  u t i l i z e  w s i n c e  
max 
is t h e  most e a s i l y  de f inab le  q u a n t i t y ) ,  The approach used i s  t o  f i r s t  f i n d  
c o r r e l a t i o n s  between w and the  o t h e r  v a r i a b l e s ,  second, d e t e r n i n e  t h e  exac t  
m a x  
f unc t iona l  dependence involved,  and t h i r d ,  complete t h e  s o l u t i o n  through dinen- 
s i snaE a n a l y s i s  based on t h e  r e s u l t s  o f o t h e r s  r e l a t i n g  t o  convect ive processes  
i n  t h e  atmosphere. The s o l u t i o n  obtained p e r t a i n s  d i r e c t l y  only t o  w a t  a 
m ax 
he ight  of 2 meters  (measurement h e i g h t ) .  Hmever,  i t  is  q p l i c a b l e  t o  w i n  
max 
t h e  e n t i r e  dus t  d e v i l  column s i n c e  S i n c l a i r  (1966) has shown t h a t  t h e r e  i s  
l i t t l e  change i n  w between 2 and 10 meters ,  and even a t  a  few k i lometers  
max 
above t h e  s u r f a c e  w i s  down by only a  f a c t o r  of about two t o  t h ree .  
The v a r i a b l e s  upon which t h e  v e r t i c a l  wind v e l o c i t i e s  i n  dus t  d e v i l s  may depend 
a r e :  t h e  temperature l a p s e  r a t e s ,  t h e  h e i g h t s  t o  which t h e  l a p s e  r a t e s  a r e  
supe rad iaba t i c ,  t h e  ATP§ o r  temperature excesses  involved,  dus t  d e v i l  diameter ,  
g r a v i t a t i o n a l  a c c e l e r a t i o n  ( g ) ,  atmospheric dens i ty  ( p b ,  and v i s c o s i t y - f r i c t i o n  
e f f e c t s  ( g  and p a r e  obviously cons t an t s  f o r  t h e  data ,  and v i s c o s i t y - f r i c t i o n  
e f f e c t s  a r e  included i m p l i c i t l y  i n  t h e  d a t a ) .  Attempts were f i r s t  made t o  
determine \&ether w c o r r e l a t e d  i n  any phys i ca l ly  acceptab le  manner wi th  
max 
ATg. nTs/hs (hs va r i ed  so  l i t t l e  t h a t  i t  was not  considered independent ly) ,  
h and dT/dZ, holding dus t  d e v i l  diameter cons tan t .  Diameter ranges of <Im, 2 
1-2m, 2-4m, and g r e a t e r  than  4m were chosen. The results a r e  shown i n  Table 5, 
In each diameter  group f o r  which. s u f f i c i e n t  samples are axrailable,  t h e  Table 
shows an average w f o r  a ranqe of va lues  of t h e  indenendent v a r i a b l e .  The 
m ax 
numbers i n  b racke t s  f d l o w i n g  each wmax va lue  a r e  t he  number of s m p l e s  i m o l v e d  
i n  t he  averages:  t h r e e  samples per  average was considered marginal lv  acceptable .  
Averages were u t i l i z e d  s i n c e  t h e  d a t a  show a f a i r  amount of s c a t t e r ,  T h i s  
s c a t t e r  was expected because (1) temnerature a r o f i l e s  k ~ e r e  taken only a t  ::I5 
minutes i n t e r v a l s  ( f o r  p r a c t i c a l  reasons)  which means t h a t  t he  temperature 
p r o f i l e  a t  t h e  exac t  moment of dus t  d e v i l  occurrence can only be aaproximated, 
and ( 2 )  t h e  p r o f i l e s  were obtained a t  ane p o i n t  i n  t h e  working a r e a ,  and t h e r e  
i s  no assurance t h a t  condi t ions  were exac t ly  t h e  same i n  o the r  po r t ions .  
It  i s  seen ,  Table 5,  t h a t  t h e r e  is  no c o r r e l a t i o n  between w and AT2; tilere 
m ax 
anpears t o  be a  s l i g h t  i nve r se  c o r r e l a t i o n  between w and AT /h  par t icuBar ly  
max s s 
FIRST ATTEMPT TO OBTAIN CORRELATIONS BETWEEN w,,, AND 
d (meters) 
< 1 
PARAMETERS DESCRIBING THE TEMPERATURE PROFILE 
(Numbers i n  b racke ts  represent  
number o f  samples) 
- 1 
'max AT2 (OC) 'max  AT^ ( O C ~  1 wmax h2 max -1 W dT (OC m- l )  -
-( k m h r  ) (km h r  ) hs (km hr-'  ) (m) (km h r  ) dZ 
Ave . Ave. Ave. Ave. 
f o r  dus t  d e v i l s  wi th  d - > I meter;  w tends t o  decrease  a s  h i nc reases ;  and 
max 2 
f i n a l l y  a  r a t h e r  c l e a r  c u t  d i r e c t  correlat l ion between w and dT/dZ can be 
max 
seen.  The p o s s i b l e  i n v e r s e  c o r r e l a t i o n  with AT /h can be  excluded from 
s S 
cons ide ra t ion  s i n c e  i t  is  oppos i t e  t o  t h e  behavior  expected of a  causa l  mechanism 
and because, a s  noted previous ly ,  t h e  ATs/h and dT/dZ l a y e r s  apnear t o  i n t e r a c t  
s 
roughly i n  an i n v e r s e  manner. In spec t ion  of Table 5 a l s o  r e v e a l s  t h a t ,  no 
mat te r  wllLch. parameter i s  held cons t an t ,  t h e r e  i s  no c o r r e l a t i o n  between w 
max 
and d. It t h e r e f o r e  appears t h a t  wmax is  p r imar i ly  dependent upon dl ldZ wi th  a 
poss ib l e  a d d i t i o n a l  dependence upon h (note  t h a t  h  a c t u a l l y  appears  i n p l i c i t % y  2 2 
i n  dT/dZ), 
Accordingly, a search  was made f o r  poss ib l e  c o r r e l a t i o n s  between wmax and t h e  
product hn ( d ~ / d Z ) ~  where w and m a r e  cons t an t s  t o  be determined, Values of n  
and m 9 2 were quick ly  found unacceptable;  a l s o ,  i t  i s  ev ident  from Table 5 
t h a t  m 0, The combinations then  t r i e d  were t h e  app l i cab le  combinations of 
n ,  rn = -- 4 2, -- 4-1.5, - +1, - 4-0.5, 0.  It was found t h a t  a  d e f i n i t e  c o r r e l a t i o n  was 
a 
I 
present  only f o r  hy  dT/dZ, w i nc reas ing  a s  t h i s  product increased .  N _ l  t h e  
2 max 
d a t a  p o i n t s  f o r  t h i s  func t ion  ( f o r  d  - > P meter) a r e  s h o ~ m  i n  Figure 2a. Figure 2b 
f 
1. 
shows the  average va lues  f o r  w - dT averaged over h2 - ' i n t e r v a l s  of 0.02 
max 2 dZ 
( " C  I-Q-"~). The p l o t  i s  q u i t e  l i n e a r  and i n t e r s e c t s  the  o r i g i n ,  q u a l i f i c a t i o ~ l s  
necessary f o r  t h e  c o r r e l a t i o n  t o  b e  c o r r e c t .  F igures  3 a ,  3b,  and Figures  4a ,  
4b,  show t h e  products  h2 dT/dZ (which i s  simply .ATZ) and  h 2  ( d T / d Z ~ l / ~  ve r sus  
w These show how r a p i d l y  t h e  c o r r e l a t i o n  d isappears  a s  n and m deva r t  from 
miax 
d t h e  va lues  n = - and n = l. 2 
1 
- 
2 
A s  n f i n a l  check t h a t  b dT/dZ completelv expressed t h e  wmaX dependence on the 2 
v a r i a b l e s  considered,  t h e  q u a n t i t i e s  d  and hTs/h were p l o t t e d  as a func t ion  of 
1 s 
d 
- 
w holding hZ dT/dZ cons tan t .  Table 6 shows %ax versus  d and i t  is  seen 
max " 2 
d 2 1 meter 
Figure 2a: wmax versus h 'I2 ar w = wimum vex c, wind vemczzy i n  dust devil ,  he = thickness of 2 dZ* max 
superadiabatic layer overlying highly superadiabatic surface layer, and dT/dZ = lapse rate i n  hp 
layer. Minimum measurable v = 0.7 km hrql. 
max 
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Table 6 
dT 
'max 
VS. d FOR CONSTANT h2 a 
(Number; in brackets represent 
number o f  samples) 
1 
4
dT h ..- 
2 dZ 1 
4 d 
( O C  m-2) (meters) 1-2 2-4 > 4 
t h a t  t h e r e  is  no c o r r e l a t i o n ,  The a u a n t i t y  AT /h  s t i l l ,  howwer,  shows a  
s s 
sP%ght p o s s i b l e  i n v e r s e  c o r r e l a t i o n  (not  sho\m) wl th  w . This  i s  no t  consid- 
max 
esed t o  be a  d i r e c t  func t iona l  dependence f o r  reasons given e a r l i e r .  1Chese 
r e s u l t s  demonstrate t h a t ,  whereas t h e  h ighly  supe rad iaba t i c  l a y e r  ad jacent  t o  
t h e  s u r f a c e  c o n t r o l s  dus t  d e v i l  genera t ion ,  t he  r e s u l t a ~ t  v e r t i c a l  v e l o c i t v  i s  
con t ro l l ed  by t h e  over ly ing ,  t h i c k ,  moderately supe rad iaba t i c  l a y e r .  
I n  o rde r  t o  o b t a i n  the  complete express ion  f o r  w i t  i s  necessarv t o  u t i l i z e  
max 
dimensional a n a l p s i s ,  cons ider ing  t h e  a d d i t i o n a l  v a r i a b l e s  ( g ,  0, e t s , )  noted 
e a r l i e r .  This  g i v e s ,  i n  t h e  s tmp les t  and most r e a l i s t i c  f o m  
2 2  dT 
w - (const  . I  g  h2  ; i ~  ya 
max 
where .g = dry a d i a b a t i c  l a p s e  r a t e .  
a 
Other £ o m s  r e q u i r e  a d d i t i o n a l  length  f a c t o r s ,  bu t  no c o r r e l a t i o n s  wi th  l eng th  
1 
- 
o t h e r  than  h2 have been found. It i s  t h e r e f o r e  concluded t h a t  t h e  above 
2 
equat ion  c o r r e c t l y  r e p r e s e n t s  t h e  maximum v e r t i c a l  wind v e l o c i t y  i n  dus t  d e v i l s .  
This equat ion  i s  q u i t e  s i m i l a r  t o  t h a t  g iven  by Sut ton  (1953, p .  150) f o r  
bouyant a i r  p a r c e l s  breaking through more s t a b l e  a i r  Payers and s u b j e c t  t o  
bouvancy and drag f o r c e s ,  w i th  h  r ep re sen t in3  a  mixing l eng th .  The ~ r i n c i p a l  2 
d i f f e r e n c e  i s  t h a t  dT/dZ appears t o  t h e  f i r s t  r a t h e r  than  t h e  one ha l f  power. 
Why t h i s  d i f f e r e n c e  i n  power should e x i s t  i s  no t  c l e a r ,  but  i t  may r e s u l t ,  i n  
some manner, from t h e  h igh ly  organized s t r u c t u r e  of d u s t  d e v i l s .  A s  f a r  a s  h2 
i s  concerned, f i e l d  observa t ions  have shown t h a t  dus t  d e v i l s  maintain t h e i r  
columnar s t r u c t u r e  t o  h e i g h t s  equal  t o  o r  somewhat g r e a t e r  than  h2 ,  t h e  
s t r u c t u r e  becoming confused and the  motion tu rbu len t  above t h i s .  Phvs l ca l lg ,  
t h i s  i s  t o  be expected s i n c e  i t  fs a t  the  top of the  supe rad iaba t i c  l a y e r  t h a t  
bouyancy f o r c e s  begin t o  decrease ,  For t h e s e  reasons ,  i t  appears t h a t  h2 should 
be a  good measure of dus t  d e v i l  mixing l eng th .  
4 9 
4.2.5 Dust Devil  Tangent ia l  Wind Veloc i ty  (v) 
The d a t a  f o r  t h e  maximum t a n g e n t i a l  v e l o c i t i e s  (v ) i n  dus t  d e v i l s  a r e  given 
max 
i n  Tables l and 2. The purpcse of t h i s  s e c t i o n  is  t o  determine t h e  fumctional  
r e l a t i o n s h i p ,  i f  any, between v and t h e  o the r  parameters measured. The 
max 
v a r i a b l e s  upon which vmax may depend a r e :  t h e  temperature l a p s e  r a t e s ,  t h e  
he igh t s  t o  which t h e  l a p s e  r a t e s  a r e  supe rad iaba t i c ,  t h e  v e r t i c a l  wind v e l o c i t y  
i n  t h e  d u s t  d e v i l s ,  dus t  d e v i l  diameter ,  atmospheric v o r t i c i t y  (5  1, th ickness  R 
of t h e  inf low Payer, g ,  p, and v i scos i ty - su r f ace  f r i c t i o n  e f f e c t s .  
Attempts were f i r s t  made t o  s e e  whether v c o r r e l a t e d  w i t h  w c o r r e l a t i o n  
max max " 
being expected from c o n t i n u i t y  cons idera t ions .  This  was done considering a l l  
diameters  (w had been found t o  be  independent of diameter)  and f o r  all back- 
max 
ground v o r t i c i t i e s  ( i t  being assumed t h a t  d i f f e r e n c e s  i n  background v o r t i c i t y ,  
i f  involved i n  t h e  magnitude s f  v ,  would cause only random s c a t t e r  i n  t h e  p l o t ) ,  
The r e s u l t s  a r e  sho~gn i n  F igures  5a and 5b. I t  is  seen t h a t  v  i nc reases  
max 
a s  w i n c r e a s e s ,  poss ib ly  i n  a l i n e a r  f a sh ion ,  Next, v  was p l o t t e d  
max max 
versus  d,  F igures  6a and 6b, c o r r e l a t i o n  a l s o  being expected from c o n t i n u i t y  
cons ide ra t ions .  A d e f i n i t e  c o r r e l a t i o n  i s  seen,  v  increas ing  a s  d Inc reases ,  
max 
No c o r r e l a t i o n  was ev iden t ,  however, f o r  bTs/hs. 
Attempts were then made t o  determine t h e  manner i n  whieh t h e  product 2 dm 
rnax 
c o r r e l a t e d  wi th  v The va lues  of n  and m chosen f o r  t e s t ,  on t h e  b a s i s  
max " 
of t h e  i n d i c a t i o n s  shown by Figures  5a, b  and 6a, b ,  were combinations of l / 2 ,  
1, 3/2  and 2. Two dust d e v i l s  i n  Table I were excluded from cons idera t ion :  
6-13-68, l308 PDT f o r  whieh t h e  vmax c a l i b r a t i o n  base l i n e  i s  unce r t a in ;  and 
9-12-68? 1441 PDT which was a grouping of moderately s i z e d  (2-3 m) d u s t  d e v i l s  
i n  a  15 meter r i n g  (though s e v e r a l  d u s t  d e v i l  r i n g s  were observed during t h e  
program t h i s  is  one of t he  few where t h e  secondary w h i r l  diameter was an 
Figure 5a: w 
max 
W 
versusVmax* max = maximum vertical wind velocity i n  dust devil ,  and 
V 
max 
= maximum tangential (rotational) wind velocity i n  dust devil. 
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d (meters) 
v versus d. 
max 
v = maximum tangent ji a1 
Illax 
( ro ta t iona l  9 
wind velocity i n  dust devi l ,  and d = dust devi l  diameter, 
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apprec iab le  f r a c t i o n  of t h e  primary d i m e t e r ,  i n d i c a t i n g  t h a t  a  s i g n i f i c a n t  
amount of t h e  t o t a l  r o t a t i o n a l  energy was i n  t he  secondary w h i r l s ) .  A d i s t i n c t  
d i r e c t  c o r r e l a t i o n  between v  and w was found (Figures  7a and 7b).  
max max 
Figure 7b shows t h a t  t h e  f u n c t i o n a l  dependence is  l i n e a r ;  a l s o  t h a t  t h e  p l o t  
passes  through the  o r i g i n  of coord ina tes .  None of t h e  o t h e r  va lues  of n ,  m 
showed any s i g n s  of c o r r e l a t i o n  except  w d. This  is  s h o ~ m  i n  Figure 8, It 
m ax 
i s  ev iden t ,  however, t h a t  i nc reas ing  d  from t h e  ha l f  t o  f f r s t  power produces a 
notab le  i n c r e a s e  i n  s c a t t e r .  Accordingly, i t  i s  concluded t h a t  w d1j2 i s  
malt 
t h e  c o r r e c t  c o r r e l a t i o n .  
Once t h e  c o r r e l a t i o n  was found, a t tempts  were again made t o  f i n d  c o r r e l a t f o n s  
between v  and bTs/hs, a l s o  wi th  h and dT/dZ f i n  ca se  t h e  e n t i r e  f u n c t i o n a l  
max 2  
dependence upon t h e s e  l a t e r  q u a n t i t i e s  was no t  contained i n  w ) ,  h o l d h g  
max 
w d l j 2  c o m t a n t .  Sample r e s u l t s  a r e  shown i n  Figures  9 and 10. No 
max 
c o r r e l a t i o n s  were found. 
F i n a l l y ,  a t tempts  were made t o  determine whether any c o r r e l a t i o n s  ex i s t ed  
between v  and v o r t i c f t g  o r  wind v e l o c i t y .  For t h i s ,  f o u r  measures of 
max 
v o r t i c i t y  were used, each being d e t e m i n e d  f o r  a  f o r ~ r  minute per iod  centered 
on t h e  t i n e  of d u s t  d e v i l  pene t r a t ion .  The f i r s t  measure was t h e  maximum 
r a t e  of v o r t i c i t y  meter r o t a t i o n  i n  t h e  d i r e c t i o n  of dus t  d w i l  r o t a t i o n  
(5  ) ,  t h e  second was t h e  maximum r a t e  of v o r t i c i t y  meter r o t a t i o n  r e g a r d l e s s  1 
of s i g n  ( c 2 ) ,  t h e  t h i r d  was t h e  sum of t h e  magnitudes of a l l  v o r t i c i t y  meter 
r o t a t i o n s  during t h e  per iod  ( 5  ) ( t h i s  being a  measure of t he  v a r i a b l l i t v  i n  3 
t h e  i n t e r v a l ,  o r  t h e  h igher  frequency r o t a t i o n a l  energy flowing through t h e  a r e a ) ,  
and t h e  f o u r t h  was t h e  n e t  r o t a t i o n  ( a lgeb ra i c  sum) of t h e  v o r t i c i t y  meter 
r o t a t i o n s  ( 5  ) (giving a  measure of t h e  very  low frequency r o t a t i o n a l  energy 4 
flowing through t h e  a r e a ) .  Two measures of wind v e l o c i t y ,  peak (CV) and mean 
"we 
1, were used, 
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Figure 7a: v versus w $/2. v = maximum 
max m a x  m a x  
tangential  ( ro ta t iona l )  wind velocity i n  dust devil ,  
w = maximurn ver t ica l  wind velocity i n  dust devi l ,  
m a x  
d = dust devil  diameter. 
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1 
- 
1 
- 
2 
v d (ave. ) (Km ? h;') 
max 
Figure 7b : Average values of w f o r  3 Km h;' in te rva l s  of vmax 
max 
(except t h a t  for  vmbx >18 km h q l  t he  in te rva l s  u t i l i z e d  are  
18-22 km hr-l and >22 km hr-'1. Correlation i s  evident. 
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Figure 9 : 
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0 .  
v versus ATs/hs. v 
max 
= maximum tangent ia l  ( r o t a t i ona l )  
max 
wind veloci ty  i n  dust dev i l ,  and ATs /hs = temperature lapse r a t e  i n  shallow 
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("10 m )  highly superadiabatic l ayer  adjacent t o  t h e  surface.  The quant i ty  wmsx 
7 113 
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bTS/hs ('c 
d has been held constant t o  determine whether any res idua l  functional  
IRM 30-692-6 (8-68) 
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h (meters) 2 
Figure 10: 
v versus h 2" vmax = maximum t a n g e n t i a l  ( r o t a t i o n a l )  m a x  
wind ve loc i ty  i n  dust d e v i l ,  and h2 = thickness of superadiabatic l a y e r  
overlyfng shallow, highly superadiabatic base l ayer .  The quant i ty  \ax d 
has been held  constant t o  determine whether any r e s i d u a l  funct ional  6ependenee 
remains. None is  evident .  
The q u a n t i t y  vmaX was p l o t t e d  aga ins t  each of t h e s e  q u a n t a t i e s ,  and aga ins t  a i l  
combinations of vort ie i ty-wind v e l o c i t v ,  f o r  f  ixed  wmax d1j2 No c o r r e l a t i o n s  
were found ( s e e  sample p l o t s  i n  F igures  11-15) except wi th  / c 2  1 . f o r  w ,I/ 2 
max 
c2.0 km hr- I  m1/2e It would apoear then  t h a t  though t h e  i n i t i a l  d u s t  d e v i l  
r o t a t i o n  i s  e s t a b l i s h e d  by t h e  background v o r t i c i t y ,  t h e  c o n t r i b u t i o n  of t h i s  
t o  t h e  mature ( s teady)  dus t  d e v i l  s t a t e  i s  neg ig ib l e ,  un le s s  w is 
max 
s u f f i c i e n t l y  smal l ,  As an example,for wmax = 2.7 Ian h r  (rhe average f o r  a l l  
dus t  d e v i l s  nene t r a t ed ) ,  only dus t  d e v i l s  l e s s  than  0.5 meters  i n  diameter would 
be  a f f e c t e d .  The ques t ion  a s  t o  where t h e  s teady  s t a t e  r o t a t i o n a l  energy may 
come from, i f  no t  from background atmospheric v o r t i c i t y ,  i s  d iscussed  s h o r t l y .  
I t  appears then ,  t h a t  except f o r  t h e  very sma l l e s t  dus t  d e v i l s ,  
V a W dL/2 
max max 
I n  o rde r  t o  eornplete t h i s  express ion  i t  is  necessarv t o  u se  djimensional 
ana lys i s .  I t  is evident  t h a t  t h e  s imp les t  form is  
V 
max 
= ( c o n s t l w  ( d / h ) l i 2  
max E 
where h = some l i n e a r  dimension, What h may be ,  phys i ca l ly ,  can be seen  L L 
from t h e  fol lowing arguments. When a  dus t  d e v i l  is  formed, t h e  upward moving 
bouyant a i r  must be rep laced  by a i r  moving i n  from below. I t  is only  near  t h e  
su r f ace ,  i n  t h e  f r i c t i o n  l a y e r ,  t h a t  air can flow i n t o  t h e  core  (Scorer ,  1.958, 
52-54). I f  t h e  v e r t i c a l  v e l o c i t y  i n  t h e  core  were a cons t an t ,  independemt of 
p o s i t i o n ,  then t h e  inf low v e l o c i t v ,  d i s regard ing  ground f r i c t i o n  e f f e c t s ,  would 
simply be p ropor t iona l  t o  w(d/hd) where hd = height  of in f law l a y e r .  This  
express ion  is  q u i t e  similar t o  t h e  der ived  express ion  f o r  v  except f o r  t h e  
max 
power of t h e  d8h r a t i o ,  This power d i f f e r e n c e  may w e l l  r e s u l t  from t h e  2 
Figure 11: v versus c V 
max 
v = maximum tangential  ( rotat ional)  wind velocity in  dust devil ,  3 a m *  max 
c3 = ~ u r a  of magnitudes of slopes of vor t ic i ty  meter t race  i n  four minute interval  about time of 
dust devil occurrence , and Vave = average background wind velocity i n  same four minute interval  
The quantity wnax d ?I2 has been held constant t o  determine whether any residual f'unctional 
dependence remains. IVone is evident. 
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Figure 13: 
v versus fl. v = maximum tangent ia l  ( r o t a t i ona l )  wind 
m a  max 
veloci ty  i n  dust dev i l ,  and 2 V  = sum of peak background wind ve loc i t i es  i n  two 
minute i n t e rva l s ,  one on each s ide  of dust dev i l  time. The quant i ty  w dm 
m a x  
has been held constant t o  determine whether any functional  dependence remains. 
None i s  evident, 
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1 1 t I I I I '  I I I [~ ig&e 14: vma versus t h e  eg-e of f2 .  
= maximum tangent ial  ( rotat ional)  wind 
velocity i n  dust devil ,  and c2 = maximum slope 
-Iv= 1 i n  vor t ic i ty  meter record i n  four minute in te rva l  about dust devi l  time, regardless of whether or  
]not i n  same direction as dust devil  rotation. 
The quantity wmU d1'2-has been held constant t o  
determine whether any functional dependence 
remains. The x's are averages of v i n  the 
max 
intervals  0-0.2, 0.2-0.4, 0.4-0.6, and > 0.6. 
I r .  correlation appears t o  be present. 
- - - - - - - - - 
- - - - - - - - - 
I r I I- 4 1 1 .  1 4 i I * 
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versus the magnitude of f2, The quantity wmBx d Figure 15 : V- has been he 
constant t o  determine whether any f'unctional dependence remains. None 
i s  evident. Comparison with Figure 14 shows that  f ncreying 
rm_ dl$,/ - 
-
causes the apparent correlation i n  Figure 14 t o  disappear. 
---- 
- 
combination of non-constant w, and p a r t i c u l a r l y  from f r i c t i o n a l  e f f e c t s  which 
a r e  contained i m p l i c i t l y  in t h e  da ta .  It thus  appears  t h a t  h, i s  some e f f e c t i v e  
L 
he igh t  of t h e  inf low l a y e r  which i t s e l f  i s  a func t ion  of ground f r i c t i o n  and 
a i r  v i s c o s i t y ,  
A poss ib l e ,  and perhaps l i k e l v ,  source of dus t  d e v i l  angular  rnomentl~m, i n  l i e u  
of atmospheric v o r t i e i t y ,  I s  the tw i s t ing  tern i n  t h e  v o r t i c i t y  equat ion  
(Equation 4 1 ,  This  tw i s t ing  term expresses  eonversion of t h e  h o r i z o n t a l  v o r t i c i t y  
component due t o  t h e  v e r t i c a l  shea r  i n  t he  h o r i z o n t a l  f low,  t o  a v e r t g c a l  
component of v o r t i c i t g  by t h e  r a d i a l  g rad ien t  of the  v e r t i c a l  v e l o c i t v  i n  
t h e  v i c i n i t y  of the  dus t  d e v i l  base.  That t h i s  nrtav indeed b e  r e spons ib l e  for 
maintaining dus t  d e v i l  r o t a t i o n  can b e  seen from t h e  f o l l o ~ s i n g  arpeiuments. 
Equation 4 can be w r i t t e n  i n  a more concise  form, appBicable t o  the presen t  
d i scuss ion ,  a s  
V a v 
where i; = -- 3. and .r i s  the vec to r  w-ind s t r e s s ,  i3v d e f i n i t i o n ,  the f i r s t  
r 3 r 
and second terms on the r i g h t  hand s i d e  of t h c  equat ion  can onlv r e d i s t r i b u t e  
e x i s t i n g  v o r t i c i t y  wfth t h e  s i ~ n  o f  t h e  terms beinq determined by t h e  gradients 
of v s f n c e  t h e  s i g n  of u and w i s  f i x e d  f o r  our ca se ,  The t h i r d  term depends 
upon the r a d i a l  convergence of mass and t h e  l o c a l  existirap v o r t i c f t ~ ~  which i n  
gene ra l  could have e i t h e r  si ,gn, b u t  s i n c e  t h e  sense  of v determines t h a t  of 5 ,  
only a v a r i a t i o n  i n  t h e  s i g n  of t h e  convergence can chanpe i t s  slgw, The 
fou r th  ( tw i s t ing )  and f i f t h  ( r o t a t i o n a l - f r i c t i o d  t e m s  a r e  t h e  only ones 
which can c r e a t e  and/or  des t roy  v o r t i c i t y ,  
In  order  t o  de t e rn ine  t h e  r e l a t i v e  con t r lbu t ions ,  t o  duqt d e v i l  angular  mmentum, 
of t h e  terms i n  Equatlon 8, d a t a  obtained by S i n e l a i r  (1966) on a  mature 
dus t  d e v i l  ( S i n e l a i r "  D D , D ,  #I) were u t i l i z e d ,  S i n c l a i r "  data a r e  p a r t i c u l a r l y  
app l i cab le  s i n c e  they were taken a t  two Bevels above the  su r f ace .  The va lues  
a17 av  
and --- a t  both l e v e l s  were obtained froal the  smoothed d a t a  a t  o f  u ,  V p  W, --- 3 r 9  ar9 
d i s c r e t e  va lues  of r > r with t h e  f i n i t e  d i f f e r enced  d e r i v a t i v e s  centered  on 
0 
t h e  va lues  of r,  The. t w o  s e t s  were averaged t o  the middle  h e i % h t ,  Z - 3 ,6m,  
The v e r t i c a l  d e r i v a t i v e s  were taken by f i n i t e  d i f f e r enc ing  a t  each r, The 
h igher  o rde r  d e r i v a t i v e s  cantalned i n  t he  last  cerm i n  Eq~eat ion 8 un fo r tuna te lv  
could not  be eva lua ted  s i n c e  only t w o  l e v e l s  a r e  ava i l ab le ,  
The r e s u l t s  of t h e s e  c a l c u l a t i o n s  a r e  presented  I n  Table 7 ,  The l a s t  csBumn 
a 5 (---- -F) is  t h e  r e s f d u a l  where P denotes  t h e  f r i c t i o n a l  term, hrhile t hese  a t  
magnitudes a r e  approximate a t  b e s t ,  t h e  q u a l i t a t i v e  sense Ps probablv q u i t e  
good, Note t h a t  t he  t t ~ i s t i n r r  and eoverqence terms a c t  .~ tos t t$ve lv  everv~ihere  
and t h a t  t h e  advec t ive  t e m s  are nega t ive ,  Also a t  r - 3rd, a i l  t e n l s  a r e  
nea r ly  zero.  The m a ~ n i t u d e  of t h e  r e s i d u a l  term r e f l e c t s  the  cumulatf.ve 
e r r o r  i n  t h e  o t h e r  fou r ,  SO t h a t  i t s  magnitude i s  the most suspec t ,  b u t  i f  
t he  s i g n  i s  c o r r e c t ,  i t  impl ies  t h a t  t he  l o c a l  diffusion of v o r t i c i t v  i s  
l a r g e r  than  t h e  l o c a l  i n c r e a s e ,  i n d i c a t i n g  t h a t  t h i s  DD is decay in^ a t  t h e  
observa t ion  time. 
3 1IIEYER W T U S  DUST DEVIL AS FIEASUWD BY SXRCLAXR 
The most s i g n i f i c a n t  f n f e r e n c e  d r m n  from Table  7 i s  t h a t  the  t w i s t i n g  term 
i s  of t h e  same magnitude a s  tIne o t h e r s .  Furthermore,s ince i n  any c o ~ ~ v e c t i v e  
aw 
vo r t ex  t h e  flow o u t s i d e  of t h e  co re  r eg ion  w i l l  be cha rac t e r i zed  by 7 *.- o 
d I- 
and '1 > o near  t h e  lower boundary, t h e  t w i s t i n g  t e r m  is alwavs p o s i t i v e .  5 2 
Therefore i t  i s  concluded t h a t  t h e  c o n t r i b u t i o n  o f  the twistin? term is  
a t  l e a s t  a s  s i g n i f i c a n t  as background v o r t i c i t y  t o  t h e  g r w t h  and maintenance 
----." 
of a  dus t  d e v i l ,  once t h e  s p i n  up process  begins ,  
4.2.6 Energy Measure 
In Sec t ion  2 ,2 .4 ,  d i scus s ion  was given. t o  t h e  energy approach f o r  understanding 
dus t  d e v i l  genera t ion .  Th%s approach assumes t h a t  an oves t t~ rn ing  of an  
u n s t a b l e  a tmospheric  Payer occurs ,  wi th  t h e  r e s u l t a n t  decrease of p o t e n t i a l  
and i n t e r n a l  energy appearing a s  r o t a t i o n a l  energy, The presen t  i n v e s t i g a t o r s  
der ived  an express ion  f o r  v Equation (31, r e l a t i n g  i t  t o  t h e  he inh t  o f  t h e  
max * 
d u s t  d e v i l ,  he igh t  of t h e  supe rad i aba t i e  l a y e r ,  and temperature  l a p s e  r a t e s  
(Rvan and F ish ,  1965)-  The Pisni ta t ions of t h i s  approach were outlirned i n  
Sec t ion  2 .2 ,4 ,  along wit11 t h e  reasons why a  kinematic  o r  o t h e r  approach was 
more d e s i r a b l e ,  Never the less ,  one of t h e  o r i g i n a l  o b j e c t i v e s  of t h e  p re sen t  
program was t o  cheek t h e  v a l i d i t y  of Eauntion 3 .  The purpose o f  t h k  s e c t f o n  
i s  t o  do s o ,  
The h e i g h t  h  i n  Equation 3 r e p r e s e n t s  t h e  h e i g h t  t o  wh-ich r o t a r y  maltion d 
extends.  F i e ld  observa t ions  of b i l l o w  he igh t  i n d i c a t e  t h a t  t h e  vo r t ex  begins  
t o  d l s s f p a t e  a t  h e i ~ h t  h, t h e  p o i n t  where t h e  temperature  l a p s e  r ake  ceases  
t o  be  supe rad i aba t i c ,  Hence i t  apDears reasonable  t o  Per h = h. It has D 
a l s o  been found, Sec t ion  4 .2-1 ,  t h a t  dus t  d e v i l  generation occurs  i n  t h e  
h igh lv  s u p e r a d i a b a t i c  Payer ad j acen t  t o  t h e  ground. This imp l i e s  that t h e  h 
i n  Equation 3 should be  rep laced  by h . Mowever, the t o t a l  energy i n  t he  
s 
(h-hs) column far exceeds,  i n  most i n s t a n c e s ,  t h a t  in h . Acsordingly, both 
S 
h and h a r e  u t i l i z e d ,  and t h e  a l t e r n a t i v e  farms of Equation 3, with hD = h ,  
s 
become 
2 
V 
dT 
max (1) ' hg [(2Tlvn) -11 1 (0.5 + 2 i n  n) 
Taking n = 4, a  t y p i c a l  va lue ;  h :PO meters, t y p i c a l  from t h e  f i e l d  obse rva t ions ,  
s 
- L 
and g = 9.8m s e c  , t h e s e  equa t ions  become 
2 + dT 2 - 2  
v 
max ( l  ) = 3h [(;iZiv,)-l] (m s e c  .'I 
Values f o r  v appearing I n  t h e s e  equa t ions  were conrprrted f o r  a l l  d u s t  d e v i l s  
max 
i n  Table  1, u t i h i z i n ~  t h e  d a t a  I n  Volume X I ,  The r e s u l t s  a r e  shozqn I n  
F igures  16  and 1 7 ,  P iqure  16  shows v (measured) ve r sus  v whi le  
max max (1) 
F igure  1 7  shows v (measured) v e r s u s  v f o r  a l l  d u s t  d e v i l s  > l m  i n  
max max (2)  * - 
diameter, No cormrePation between measured and ca lcu la te t l  v is  e v f ~ d e ~ ~ t  
nax 
( t h e r e  is a l s o  no c o r r e l a t i o n  f o r  cons tan t  d iameter ) ,  16 is t h e r e f o r e  
concluded t h a t ,  though t h e  d u s t  d e v l l  probably d e r i v e s  most i f  no t  a l l  of i t s  
energy from atnosnher-i-c i n t e r n a l  and p o t e n t i a l  energy,  the manner i n  which 
it does s o  is n o t  descr ibed  by t he  above equa t ions  (no r ,  i n c i d e n t a l l y ,  by 
any of t h e  energy equa t ions  ob ta ined  by o t h e r  i n v e s t i g a t o r s ) .  
4.3 Dust Devi l  Model; -.I--- Summarv -&--I s f  -L--l- Resu l t s  
4.3,P Generat ion Phase 
A b a s i c  purpose of t h i s  s tudy  has  been t o  o b t a i n  q u a n t i t a t i v e  express ions  f o r  
t h e  wind v e l o c i t i e s  developed i n  dus t  d e v i l s  during t h e i r  mature ,  o r  s t eady  
s t a t e ,  phase.  However, t h e  obse rva t ions  have a l s o  given some i n d i c a t i o n s  
regardfng how thev a r e  formed, For d u s t  d e v i l  gene ra t i on  i t  i s  necessary  f o r  
a h ighly  smpezadfabatie temperature  lapc;e r a t e  t o  e x i s t ,  s p e c i f i c a l l v  i n  t h e  
shal low (<I0 meter) l a v e r  ad j acen t  t o  t h e  su r f ace .  I t  a l s o  appears  neeessaLry 
t h a t  a tmospheric  v o r t i c i t v  of some s c a l e  be  p re sen t .  The s c a l e  undoubtly 
v a r i e s ,  bu t  apnears  to be s ~ l f f i c i e n t l y  l a r g e  in gene ra l  t h a t  co r r ePa t ioas  were 
found between d i r e c t i o n  of v o r t i c i t y  meter  and drnst d e v i l  r o t a t i o n  f o r  d u s t  
d e v i l  d i s t a n c e s  exceeding EOO meters .  The base  a tnosphe r l c  l a y e r  fs where 
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IF%- 16: .- (measured) versus - (calculated) 
do correlation is evident. 
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t r i g g e r i n g  occurs ,  and t h e  more supe rad iaba t i c  t h i s  l a y e r  becomes t h e  g r e a t e r  I 
becomes t h e  frequency of d u s t  d e v i l  formation (dus t  d e v i l  frequency m y  a l s o  
depend upon t h e  amount of v o r t i c i t y  present ,  b u t  f u r t h e r  a n a l y s i s  o f  t h e  da t a  
i s  requi red  t o  prove t h j s ) ,  The dus t  d e v i l  is  probably i n i t i a t e d  by some 
mechanism, such a s  wind a c t i o n ,  which d i sp l aces  an a i r  p a r c e l  from i t s  r e s t  
p o s i t i o n .  This causes a c c e l e r a t i o n  of t5e p a r c e l  upwards a s  a r e s u l t  o f  
bouyancy f o r c e s .  These bouvancg f o r c e s  i nc rease  i n  magnitude a s  t h e  base  
l a y e r  becomes inc reas ing lv  supe rad iaba t i c ;  a t  t h e  same t i m e  t h e  magnitude of 
t h e  r equ i r ed  d i s t u r b i n g  f o r c e  decreases .  The max3mum ~ o s s i b P @  diameter of 
t he  r e s u l t i n g  i n c i p i e n t  dus t  d e v i l  i nc reases  a s  t h e  l a p s e  r a t e  i n  t h e  base  
l a y e r  i n c r e a s e s ,  s i n c e  the i n i t i a l  upward-moving p a r c e l  can cause t r i g g e r i n g  
of p a r c e l s  t o  a  g r e a t e r  d i s t ance ,  a s  can the  i n i t i a l  distrarbance, due t o  
increased  i n s t a b i l i t y ,  A s  t he  a i r  laarcels move upward thev must be replaced 
by p a r c e l s  from the  s i d e .  Rota t ion  has been e s t a b l i s h e d  by atmospheric 
v o r t i c i t y  and a  vo r t ex  begins t o  form. Once t h e  v e l o c i t v  of t h e  incoming 
a i r  p a r c e l s  reaches a  c r i t i c a l  va lue ,  g ranu la r  m a t e r i a l  from t h e  s u r f a c e  
becomes en t r a ined  i n  t he  a i r  s t ream, i t  i s  c a r r i e d  i n t o  t h e  core  reg ion  and 
then a l o f t .  
4 , 3 . 2  Plature, o r  Steady S t a t e ,  Phase 
In  t h e  mature phase, comprising most of t he  dus t  dev i l "  l i f e ,  a  s t a b l e  
vo r t ex  i s  p re sen t ,  A i r  flow i n t o  the vo r t ex  occurs  onhv i n  t h e  f r i c t i o n  
l a v e r  ad j acen t  t o  t h e  su r f ace .  The v e r t i c a l  v e l o c i t i e s  i n  t h e  dus t  d e v i l  
a r e  determined by t h e  he igh t  and l a p s e  r a t e  i n  the s l i g h t l y  supe rad iaba t i c ,  
t h i c k ,  l a y e r  over ly ing  t h e  base  l a y e r .  The vo r t ex  maintain3 i ts  we l l  def ined 
s t r u c t u r e  a t  l e a s t  t o  t he  top of %$is over lv ing  l a y e r ,  above trhich breakdown 
begins.  Upward a o t i o n  of t h e  a i r  p a r c e l s ,  hsr?rever, continues, a n d  app rec i ab le  
v e r t i c a l  wind v e l o c i t i e s  a r e  s t i l l  present  s e v e r a l  k i lometers  above t h e  su r f ace .  
In t h e  inf low reg ion  ( f r i c t i o n  l a v e r ) ,  a i r  a a r c e l s  a r e  acce l e ra t ed  i n t o  t h e  core  
from t h e  surroundins a r ea .  Concentrat ion of atmospheric v o r t i c i t y  apnears  t o  
p lay  a  r o l e  i n  maintaining dus t  d e v i l  r o t a t i o n  i n  tile sma l l e s t  (< B meter 
diameter)  dus t  d e v i l s .  However, i t  appears  t h a t  f o r  a l l  o t h e r  dus t  d e v i l s ,  
t h e  i n i t i a l  r o t a t i o n  is maintained (poss ib ly  increased  frosn t h e  i n i t i a l  magnitude) 
by t h e  conversion of h o r i z o n t a l  i n f l o ~ . ~  shear  t a  ver t ica l  ( tw i s t ing  term). The 
r o t a t i o n a l  v e l o c i t y  ( f o r  d  > - l meter) i s  determined by t h e  v e r t i c a l  v e l o c i t y ,  
t h e  dus t  d e v i l  diameter ,  and & h e  e f f e c t i v e  he igh t  a f  the in f low Payer. 
4 , 3 , 3  Decay Phase 
Di s s ipa t ion  of t h e  d u s t  d e v i l ,  spec j . f i ca l ly  t h e  dus t  devil vor t ex ,  can occur  
when one o r  more of t h e  fol lowing events  happen: (1) the dus t  d e v i l  e n t e r s  an 
a r e a  i n  which i n s u f f i c i e n t  atmospheric i n t e r n a l  and p o t e n t i a l  energy is  avail.- 
ab l e ;  ( 2 )  t h e  d u s t  d e v i l  e n t e r s  an a r e a  of d o m d r a f t s  resu l t j .ng  frorn thermal 
convection; and ( 3 )  t h e  dus t  d e v i l  e n t e r s  an a r e a  xghere oppos i t e ly  d i r e c t e d  
atmospheric v o r t i c i t v  is present  of magnitude comparable t o  dus t  d e v i l  angular  
momentum. The f i r s t  two p o s s i b i l i t i e s  have been noted by o t h e r s .  The t h i r d  
~ o s s i b i l i t y  suggested i t s e l f  during t h e  p re sen t  s tudy from c l o s e  observa t ions  
o f  dus t  d e v i l s  f o r  which i e :  was o f t e n  found t h a t  the r o t a t i o n  would cease  
almost ins tan taneous ly  near  t h e  su r f ace .  This: was n a r t i c u l a s l v  common f o r  
t h e  sma l l e r  dus t  d e v i l s .  
5.0 TRANSFORMATION TO MARS 
5.1 Martian Temperature Regime 
Determination of the  temperature lapse rates tha t  could occur i n  the  lower '-m 
atmosphere is  important t o  t h i s  program since these lapse r a t e s  play an important 
ro l e  i:m determining whether o r  not dust devi ls  could occur on Mars. This sect ion 
describes a model f o r  computing the  diurnal var ia t ion of temperature and presents 
' the r e su l t s  obtained . 
Atmospheric temperature changes a r e  assumed t o  be due primarily t o  turbulent heat 
t ransfer  processes i n  the  v e r t i c a l  di rect ion (radiat ive t ransfer  and advection 
have been ignored fo r  the  present calculations).  A t  the  surface )alanc ~f ne t  so l a r  
radiation,  turbulent heat t ransfer ,  and conductive heat exchange with zne suDsurIace 
layer* is assumed. Temperature changes i n  the  subsurface layer  are  due t o  molecular 
- 
conduction of heat,  the  thermal d i f fu s iv i ty  of t he  Martian s o i l  being assumed 
constant with depth and time. 
The rate of temperature change a t  any subsurface level i s  
where Z is the depth i n  the  s o i l ,  t is tlme, T is the temperature of the  s o i l ,  and 
K is the  thermal conductivity of the s o i l  (assumed constant). 
The r a t e  of temperature change in  the  atmosphere due t o  turbulent heat t ransfer  
where T' is the temperature of the  atmosphere, 2 '  i s  height, K'(z> is  the eddy 
d i f fus iv i ty  (varied with height), and I' is the adiabat ic  lapse ra te .  
The boundary condition equation is 
where 
0 = Stefan-Boltman constant 
E 3 emissivity of t he  surface 
Ks = thermal d i f fu s iv i t y  (near surface) 
K'= eddy d i f fu s iv i t y  (near surface) 
s 
Pa = density of a i r  
C = heat capacity of a i r  
P 
A = planetary albedo 
So = s o l a r  radia t ion a t  surface.  
Equations 6-8 a r e  put i n  f i n i t e  d i f ference form f o r  solut ion on the  Univac 1108 
d i g i t a l  computer. The Dufart-Frankel f i n i t e  difference approximation is used for  
E q .  6 ,  and an extrapolation of t h i s  d i f ference approximation is used f o r  Eq.T.,. 
The Ein i te  d i f ference equations a r e  
and 
where the  subscr ipt  r e f e r s  t o  distance and t he  superscr ipt  t o  time. Equations ( 6 ' )  
and ( 7')  can be solved fo r  T j mi-1 and T ! ~ '  respectively t o  give J 
The f i n i t e  d i f ference  analog of Eq. 8 is 
The root ,  To, s a t i s f y i n g  (8' ) is  found. This To is  t h e  surface  temperature f o r  t h e  
time i t e r a t i o n  under considerat ion.  Subsurface and a i r  temperatures a r e  obtained 
by solving (6") @nd (7") going up and down from t h e  surface.  
The numerical values used i n  t h e  computations are: 
3 2 Ks = 2.50~10 cm / see  
4 2 
*0'~20 meters 5 . 2 ~ 1 0  cm / sec  K; = 3 2 
T 2 T 2 ~  meters 1x10 c m  /see 
A t  = 61,5574 sec = 1Martia.n minute 
C = (514 + 1.1T)xlO 4 
P 
o = 5.6 7xl0-' cgs 
6 2 Solar Constant at  Mars = .626xl0 erg/cxn s ec  
2 K = .474x10m4 cm /sec 
t 4 / 3  cm2/sec unstable air = 2 .2~10  Z 
= 1 . ~ 1 0  3 2 cm /sec  
K f ( Z 1 ) = [  imstab- = 1.303~10 3 an 2  / see  
2'  120 met. stable 
= 1 . ~ 1 0  cm /sec  
The space gr id  u t i l i z e d  is  as follows: f o r  the  ground, 20 layers  of equal thick- 
ness ( Z ) ,  underlain by 8 layers  of thickness lQOx Z ;  f o r  t he  a i r ,  s t a r t i n g  from 
the  surface,  6 l ayers  of equal thickness ( Z' )  over la in  by 5 layers  of thickness 
lox Z ' ,  i n  turn  overlain by 9 layers  of thickness lOOx Z'. The top 20 layers  i n  
the ground were i t e r a t e d  every Martian minute, and the  bottom 1 7  every 120 Hartian 
minutes. 
The bottom 6 layers  of the  atmosphere were 20 meters th ick,  but because K-s 
la rge ,  they were i t e r a t e d  every 5 Martian seconds. The next 4 layers  were i t e r -  
ated every 1 minute ( K ' i s  solnewhat l a rger  f o r  them) and t he  top 8 l ayers  every 
120 minutes. 
Some r e s u l t s  of t he  cmputer  computations of t he  model a re  i l l u s t r a t e d  i n  
Figures 18through 21. I n  these i n i t i a l  computations the  temperature a t  time t = 0 
is 237OK a t  6 A.M, on Mars at a l l  levels .  The computer program i s  then allowed t o  
run f o r  t en  days and the  data  f o r  t he  tenth  day is  used. Figures lba  and b 
depict  t he  change i n  the  6 a.m. temperature through t he  ten-day cycle. From the  
graphs it can be seen t ha t  by the  ninth  day the  temperatures a re  approaching steady 
s t a t e  values a t  a l l  t he  se lected leve l s .  
Figures  18a  and b i l l u s t r a t e  t he  d i u r n a l  change i n  temperature a t  s e l e c t e d  l e v e l s  
f o r  t he  Martian equator  a t  equinox. In spec t ion  of t h e  curves i n d i c a t e s  t h a t  t he  
temperature changes throughout t h e  day a r e  s i m i l a r  i n  manner t o  t he  changes 
observed i n  t h e  e a r t h ' s  atmosphere and ground. I n  p a r t i c u l a r ,  i t  should be 
noted t h a t  t h e  daytime s u r f a c e  temperature curve agrees  f a i r l y  w e l l  wi th  t h e  
Martian temperatures  determined by remote sens ing  techniques (Sinton and St rong ,  
1960; Gi f ford ,  1952). I n  a d d i t i o n ,  t h e  maximum s u r f a c e  temperature agrees  w i th  
t h e  maximum temperature obtained by Oiiring, e t  a l .  (1968) with t h e i r  cons t an t  K 
model. However, t h e i r  minimum temperature i s  approximately t h i r t y - f i v e  degrees 
co lder .  On the  o t h e r  hand, t h e  pre l iminary  r e s u l t s  of t he5 r  K model g ive  a 
s i m i l a r  minimum temperature a s  shown i n  Figure 19 ,  b u t  a much co lde r  maximum 
temperature ( i . e . ,  240°K). A s  can b e  seen  from Figure 19 t h e  d i r u n a l  range 
computed f o r  t h e  Martian s u r f a c e  i s  96°K. The observed range on d e s e r t  s u r f a c e s  
on Ear th  is approximately 40-50°K. A t  20 meters t he  computed range i s  53°K 
whi l e  t h e  observed range on Ear th  a t  20 meters is  approximately 5-10°K. 
The v e r t i c a l  temperature p r o f i l e s  computed f o r  d i f f e r e n t  t imes of t h e  day a t  t h e  
equator  a t  equinox a r e  presented  i n  Figures  20a & b. Although t h e  temperature 
change wi th  he igh t  between t h e  s u r f a c e  and 20 meters  a t  t h e  time o f  t h e  s u r f a c e  
maximum ( 1  p.m. ) temperature is  -23. B°C, t h e  g r e a t e s t  change wi th  h e i g h t  i s  
-30.Z°C a t  noon. A s i m i l a r  temperature change over  d e s e r t s  on t h e  e a r t h  would 
b e  approximately 15OK. Actually, i n  t h e  e a r t h ' s  atmosphere most of t h i s  tempera- 
t u r e  change takes  p l ace  i n  t h e  f i r s t  t e n  meters w i th  over  70% of t h e  change 
i n  t h e  f i r s t  meter above t h e  su r f ace .  Oaring, e t  al. (1968) computed an approximate 
80'M maximum change i n  t h e  f i r s t  km compared t o  46% from Figure 20a. P a r t  of 
t h i s  d i f f e r e n c e  is  undoubtedly due t o  t h e  f a c t  t h a t  t h e  Ohring, e t  a1. model has  
a cons tan t  eddy d i f f u s i v i t y  wh i l e  our  model has  a  v a r i a b l e  eddy d i f f u s i v i t y  wi th  
t h e  l a r g e s t  va lues  nea r  t he  ground, and a func t ion  of t h e  s t a b i l i t y .  These 
curves i l l u s t r a t e  q u i t e  w e l l  t he  response of t h e  atmosphere t o  t h e  eddy f l u x  
of h e a t  from t h e  su r f ace .  
The v a r i a t i o n  of t h e  ground and 20 meter temperature wi th  l a t i t u d e  i s  shown i n  
F igures  2 l a  & b. F igure  2 l a  i s  f o r  t h e  equinox ( 6  = 0) whi le  b  i s  f o r  t h e  
summer and w i n t e r  s o l s t i c e  (6  - + 2 5 ) .  These curves a r e  based on c a l c u l a t i o n s  
made f o r  l a t i t u d e s  0° ,  30°, 45' and 90°. Although t h e  temperatures a t  t h e  
equator  and low l a t i t u d e s  agree  f a i r l y  w e l l  w i th  previous e s t ima te s ,  t h e  p o l a r  
reg ions  do no t  (Michaux, 1967). The summer temperatures a r e  'nigher and the  
win te r  temperatures  are lower. 
F i n a l l y ,  Figures  22-3.6 show atmospheric temperatures a t  va r ious  l e v e l s  as a  
func t ion  of t ime dur ing  t h e  day, w i th  each f i g u r e  r ep re sen t ing  a  given l a t i t u d e  
and time of year .  These form t h e  b a s i s  f o r  t he  d i scuss ion ,  i n  t h e  fol lowing 
sec t ion ,concern ing  whether o r  no t  dus t  d e v i l s  may occur  on Mars. 
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Figure l8b: Surface and in t e r io r  temperatures a t  Martian 
-- - 
equator at 6 AM over a ten-day period. 
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Figure 19a: Computed diurnal variation 00 the Martian Atmospheric 
temperature a t  the equator at equinox. 
-- -- 
- - - -  -_  - . Figure 19b : Computed diurnal variation of f nter ior  temperature 
of Mars at the  equator a t  equinox. 
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Figure 20a: Computed atmosphert c temperature prof% les for vari aus I 
- - 
times of day at Martian equator at egufnox. 
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Figure 20b : Computed ground temperature profile for oartous: 
times of d q  at Martia,n equator at equinox. 
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Figure  26: Temperature P r o f i l e ,  Summer S o l s t i c e /  
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0 ( ~ i ~ u r e  27:  Temperature P r o f i l e ,  30 S  L a t i t u d e ,  Summer S o l s t i c e  
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1Figure 30: Temperature P r o f i l e ,  60's Lati tude,  Winter sols t ic ;  
- - - .- - ,. 
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I Time : 
[ ~ i g u r e  31: Temperature P ro f i l e ,  Equator, Worth Autumnal ~ ~ u i n o x '  I 
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5.2  Dust Devi ls  on Nars 
I t  has  been found t h a t  a  supe rad i aba t i c  temperature  l a p s e  r a t e ,  wi th  t h e  presence 
of some degree of mecnanical tu rbulence ,  i s  necessary  f o r  t h e  genera t ion  of 
dus t  d e v i l s .  Also, i t  i s  seen ,  from Sec t ion  5,1, t h a t  t h e  Martian atmosphere 
can become h igh ly  supe rad i aba t i c  up t o  cons iderab le  h e i 3 h t  (though t h e  l a p s e  
r a t e s  computed a r e  somewhat of an  upper bound due t o  t h e  n e g l e c t  of adveckion, 
they should n o t  be g r e a t l y  i n  e r r o r ) .  F i n a l l y ,  i t  is  known t h a t  winds a r e  
p r e s e n t  on Mars, a t  l e a s t  p a r t  of t h e  t i m e ,  s o  t h a t  mechanical tu rbulence  can 
be  expected.  Hence, i t  i s  reasonable  t o  conclude t h a t  v o r t e x  systems o f  t h e  
dus t  d e v i l  type w i l l  b e  genera ted ,  
The frequency of occurrence of d u s t  d e v i l s  on Ear th  depends impor tan t ly  upon 
t h e  temperature l a p s e  r a t e  i n  t h e  shal low,  h igh ly  supe rad i aba t i c ,  l a y e r  ad j acen t  
t o  t h e  s u r f a c e ,  The r e s u l t a n t  d u s t  d e v i l  diatneters a r e  a l s o  s o  determined, 
Though f u r t h e r ,  and more d e t a i l e d ,  c a l c u l a t i o n s  wi th  t h e  computer program are 
r equ i r ed  t o  determine t h e  n a t u r e  of such a  base  l a y e r  on Mars, the  f i n d i n g s  t o  
d a t e  i n d i c a t e  t h a t  t h e  l i a r t i a n  atmosphere can become s i g n i f i c a n t l y  more 
s u p e r a d i a b a t i c  than t h e  ~ a r t h k *  I t  i s  reasonable  t o  expect  t h e  same t o  be  
t r u e  f o r  t h e  base  l a y e r ,  Hence, t h e  tendency should be  f o r  dus t -dev i l - l i ke  
v o r t i c i e s  t o  form more f r equen t ly  on Mars and t o  b e  of Larger d i m e t e r .  
The ques t i on  remains,  h o ~ ~ e v e r ,  a s  t o  whether s u f f i c i e n t l y  high ldind v e l o c i t i e s  
can be generated in t he se  dus t -devi l - l ike  v s r t i c i e s  t o  cause movement of g r anu la r  
m a t e r i a l ,  and t o  c a r r y  t h i s  m a t e r i a l  a l o f t ,  To answer t h i s  ques t i on ,  cons ider  
t h e  b a s i c  equa t ions  r e l a t i n g  vo r t ex  wind v e l o c i t i e s  t o  environmental parameters:: 
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where t h e  Martian g r a v i t a t i o n a l  a c c e l e r a t i o n  has been taken a s  4,8 x 10 Icm h r  
(3.7 m seee2) . The wind v e l o c i t y ,  a t  2m he igh t ,  r equ i r ed  t o  i n i t i a t e  movement 
of g ranu la r  m a t e r i a l  on Mars, f o r  a reasonable s u r f a c e  model (Ryan, 1964) can 
be es t imated  t o  be about 400 km h;' ( sur f  ace p re s su re  of 210 mb) . This  can be 
reduced, poss ib ly  by a f a c t o r  of two (Neubauer, 1966) i n  t h e  presence of tLurbulence, 
This 400 km h;' requirement p l aces  requirements on t h e  temperature l a p s e  r a t e s  
and th ickness  of t h e  supe rad iaba t t c  Payer. These, f o r  va r ious  dus t  d e v i l  
d iameters ,  a r e  a s  fol lows:  
d (meters) 1 l 0  f 00 
where t h e  dry a d i a b a t i c  l apse  r a t e  has  been taken a s  5'C/km, The r a t h e r  extreme 
I 
va lues  of h' dT r equ i r ed  f o r  t h e  sma l l e r  dus t  d e v i l s  i n d i c a t e s  i t  is  quite 2 dZ 
un l ike ly  t h a t  t hese  sma l l e r  v o r t i c e s  could p ick  up s u r f a c e  m a t e r i a l ,  This  can 
1 
be seen  c l e a r l y  by determining hT from the  temperature p r o f i l e s  given i n  2 dZ 
Figures  22-26, Sample r e s u l t s  a r e  shorn i n  Table 8, 
It Is seen  t h a t  t h e  smaLPest dus t  d e v i l  t h a t  can p ick  up g ranu la r  m a t e r i a l ,  f o r  
-1 
a requfred  wind v e l o c l t y  of 400 km h r  , is  about 25 mehers fn d i m e t e r .  This  
minimum occurs  during midday a t  t h e  equa to r ,  around p e r i h e l i o n ,  A t  tile equinoxes 
t h e  minimum r i s e s  t o  about 40 meters ,  and a t  around aphel ion  t o  $0 meters ,  For 
3 0 " ~  l a t i t u d e  t h e  minimum diameter  i s  about 45 meters ,  occur r ing  a t  t h e  equinoxes, 
i nc reas ing  t o  about 70 meters  a t  t h e  no r the rn  win te r  s o l s t i c e  and 200 meters at: 
t h e  no r the rn  s u m e r  s o l s t i c e ,  The behavior  i s  s i m i l a r  a t  60"N l a t i t u d e ,  t h e  
minimum diameter ,  about 120 meters ,  occur r ing  a t  t he  equinoxes* A t  30"s 
l a t i t u d e ,  t h e  minimum diameter ,  about 45 meters ,  occurs  a t  southern  summer 
s o l s t i c e ,  i nc reases  s l i g h t l y  t o  about 50 meters  a t  t h e  equinoxes and t o  about 
95 meters a t  t h e  win te r  s o l s t i c e ,  A t  60"s l a t i t u d e  t h e  minimum diameter ,  about 





80 meters ,  a l s o  occurs  a t  t h e  summer s o l s t i c e ,  i nc reas ing  t o  about 125 meters a t  
t h e  equinoxes and becoming q u i t e  l a r g e  a s  t h e  w i n t e r  s o l s t i c e  approaches. 
I t  was argued previous ly  t h a t  v o r t i c e s  should occur  more f r equen t ly ,  and with 
l a r g e r  diameter on Mars than on Ear th  (d is regard ing  whether o r  nos they can. p i ck  
up g ranu la r  m a t e r i a l ) ,  Nevertheless ,  dus t  d e v i l s  on Earth wi th  diameters  g r e a t e r  
than 100 meters  a r e  q u i t e  r a r e ,  It is  reasonable t o  expect  t h a t  somewhat of 
t h e  same s i t u a t i o n  should apply on Mars. Accordingly, i t  is  seen rrhat 
v o r t i c i e s  should occur most f r equen t ly  on Mars i n  t h e  v i c i n i t y  of t h e  equator ,  
and around p e r i h e l i o n .  It is  a l s o  seen  t h a t  t hese  could occur thoughout t he  
year ,  a t  t h e  equator ,bu t  w i th  somewhat l e s s e r  frequency. This i s  "r amcord wi th  
t h e  s u m a r i e s  of yel low cloud frequency ( i n  t he  e q u a t o r i a l  reg ion)  given by 
Gi f fo rd  ( 1 9 6 4 )  and Wells (1966) whislh show a c t i v i t y  t o  be  a t  a minimum about 
aphel ion,  and reaching a broad maximum around p e r i h e l i o n  wi th  app rec i ab le  a c t i v 8 t v  
through t h e  equinoxes, 
In  the  nor thern  hemisphere, dus t - r a i s ing  v o r t i c i e s  should occur  much Bees 
f r equen t ly  than a t  t h e  equator  ( a l s o  than i n  t h e  southern  hemisphere),  Grea t e s t  
frequency should be  a t  t h e  * and a t  h igh  latitudes dus t  d e v i l s  should 
occur only on r a r e  occassions.  n e s e  f ind ings  a r e  a l s o  i n  accord wi th  the  yellow 
cloud t a b u l a t i o n s  of Gifford  and Wells (though i t  must b e  noted t h a t  apparent  
agreement wi th  an equlnox maximum i s  based on onby e i g h t  samples).  
In  t h e  southern  hemisphere, dus t - r a i s ing  v o r t i c i e s  should be  somewhat less 
f r equen t  than a t  t h e  equator  ( f o r  l a t i t u d e s  of about 38" and l e s s ) ,  b u t  much 
more f requent  than i n  t h e  no r the rn  hemisphere. The occurrence c h a r a c t e r i s t i c s  
should be q u i t e  similar 60 those  a t  t h e  equator ,  minimum frequency occurr ing 
around aphel ion  wi th  a broad maximum extending bee teen  t h e  equinoxes and peaking 
around pe r ihe l ion .  These f ind ings  a r e  aga in  i n  genera l  agreement wi th  G i f f o r d P s  
and Wellk yellow cloud t abu la t ions .  
F i n a l l y ,  i t  should be  noted t h a t  t h e  v e r t i c a l  winds i n  Flartian d u s t  d e v i l s  
should be  q u i t e  Barge. This  can be  seen  by u t i l i z i n g  the  d a t a  given i n  Table 8 
and t h e  express ion  f o r  w These va lues  a r e  w e l l  i n  excess  of t hose  requi red  
max 
t o  maintain g ranu la r  m a t e r i a l  a l o f t  ('Ryan, 19641, Hence, once motion of 
g ranu la r  m a t e r i a l  begins ,  t h i s  m a t e r i a l  should b e  r a p i d l y  and e a s i l y  c a r r i e d  
a l o f t ,  From comparison wi th  t h e  d a t a  f a r  dus t  d e v l l  he igh t s  and v e r t i c a l  wind 
v e l o c i t i e s  on Ea r th ,  k t  appears  ev ident  t h a t  t h e  g ranu la r  m a t e r i a l  i n  Martian 
dus t  d e v i l s  should reach g r e a t  he igh t .  
I n  s u m a r y ,  i t  is concluded t h a t  dus t -devi l - l ike  v o r t i c e s  a r e  q u i t e  Likely t o  
occur  on Mars. Due t o  t h e  more h ighly  supe rad iaba t i c  l a p s e  r a t e s  t h a t  may occur ,  
compared t o  what is  found on Earth,  t h e  frequencv of occurrence,  and diameter ,  
of t hese  v o r t i c e s  (d is regard ing  whether o r  no t  they con ta in  g ranu la r  ma te r i a l )  
should tend t o  be  g r e a t e r  than on Ear th ,  However, l a r g e  wind v e l o c i t i e s  a r e  
r equ i r ed  t o  i n i t i a t e  motion of granular  m a t e r i a l  on Mars, hence only  the  l a r g e r  
of t h e s e  v o r t i c e s  can e n t r a i n  such m a t e r i a l ,  Dust d e v i l  a c t i v i t y  should reach 
a  maximum around p e r i h e l i o n  i n  t h e  e q u a t o r i a l  reg ion  and i n  t h e  southern  
Pledsphere,  wi th  g r e a t e s t  frequency a t  t h e  equator .  I n  t he  nor thern  hem2sphere 
a c t i v i t y  should peak about  a t  t h e  equinoxes. The frequency i n  t h e  no r the rn  
hemisphere should be s i g n i f i c a n t l y  l e s s  than a t  t he  equator  o r  comparable 
southern  l a t i t u d e s ,  These f ind ings  a r e  i n  gene ra l  accord wi th  observed yellow 
cloud f requencies  and loca t ions .  It hence appears  q u i t e  ~ o s s i b l e  t h a t  dus t  
d e v i l  a c t i v i t y  is  respons ib le  f o r  yellow cloud generat ion.  
6.0 REGOWENDED FUTURE WORK 
The p r e s e n t  s tudv  has  r e s u l t e d  i n  t h e  accumulation of  a cons iderab le  amount of 
f i e l d  experimental  d a t a ,  These d a t a  have been used t o  d e r i v e  a. phys i ca l  
dus t  d e v i l  model, However, Chis u t i l i z a t i o n  has  bv no means involved 
e x t r a c t i o n  of a l l  p o s s i b l e  u s e f u l  i n f o m a t i o n  from t h e  da t a .  Accordingly, 
i t  is  f e l t  t h a t  f u r t h e r  d a t a  a n a l p s i s  i s  d e s i r a b l e ,  p a r t i c u l a r l y  a s  regards  
t h e  r o l e ( s >  of wind v e l o c i t y  and v o r t i c i t y  i n  dus t  d e v i l  gene ra t i on  ;and decay, 
This i n f o m a t i o n  would a i d  i n  p r e d i c t i o n  of dus t  d e v i l  frequency and s i z e s  on 
Mars, compared t o  what i s  found on e a r t h ,  
Fu r the r  work i s  a l s o  d e s i r a b l e  i n  t h e  p r e d i c t i o n  of temperature  l a p s e  s a t e s  i n  
t h e  lowermost Martian atmosphere, p a r t i c u l a r l y  t o  determine under what corrdftions 
t h e  t h r e e  l a y e r  temperature  p r o f i l e s ,  a s  found during t h e  f i e l d  s t u d i e s ,  cou ld  
e x i s t  on Mars. This  has important  imp l i ca t i ons  f o r  p r e d i c t i n g  d u s t  d e v i l  
frequency. 
FinalPv,  more d e t a i l e d  s t u d i e s  a r e  d e s i r a b l e  t o  more p r e c i s e l y  d e l i n e a t e  
how t h e  processes  r e spons ib l e  f o r  d u s t  d e v i l  gene ra t i on  an Mars map s c a l e  i n  
magnitude and e f f e c t i v e n e s s  t o  t h e i r  t e r r e s t r i a l  coun te rpa r t s .  
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REFERENCES 
Anders, E, and 9, R, Arnold, Age of craters on Mars, Scfewce 149, 1494, 1965, 
-
Baldwin, R. R., Mars: Arr estimate of the age of its surface, Science E, 
1498, 1965, 
Battan, L, J., Energy of a dust devil, J ,  Yeteor, -- 15, 235-237, 1958. 
~er~arabedlan, P. and F, Fendell, On the peneration and structure of tornadoes, 
vresented at Conference ow Ideather Forecasting, &YS, Fort Worth, Texas, Nov. 1967- 
Flowers, W, D., Sand devils, Gr. Brit,, Zqetesr, Off,, Prof. Notes, No, 71, 1936, 
Gifford, F,  A,, A study of Martian yellow clouds that display movement, 
Won. Weather Rev,, 92, 435-440, 11964. 
Gifford, F., Jr,, Surface temperatures of the planet Xars, in The Studv of 
-4- 
Planetary ----- - Atmospheres, ---- Ftnal Report, Lowell Obs., Flagstaff, A r i z . ,  208-249, 1952, 
Gutman, L, N , ,  Theoretical model of a waterspout, Akademia Nauk SSSR, Geophysics 
Series, pp. 87-103, Jan. - June 1957. 
Bves, R. L . ,  Behavior sf dust devils, Bull, her. >feteor, SOC,, gg 168, 1941-9, 
Kuiper, 6 .  P. ,  in Proc. Lunar and Plan, Explor. Co11., - 2, 32, 1961, 
Kuo, H, E., On the dynamics of convective atmospheric vortices, J. Atmos, Sci , ,  
23, 25-42, 1966, 
-
Rue, H. k. ,  Mote on the similarity solutions of the vortex equations ~ L W  an 
unstably stratified atmosphere, J. Atmos. Sci., 24, 95-97, 1969, 
Leighton, R. B . ,  Results from the Mariner, presented at Galtech-JPL Lunar 
and Planetary Conference, Pasadena, California, Sept, 83-18, 1965. 
Leiahton, R. B., B. C. Murray, and R, P. Sharp, Mariner EV photographjr of Mars: 
Initial results, Science, -- 149, 627, 1965. 
Michaux, C, M,, Handbook of the Planet Mars NASA SP3030, 1967, 
------ *-4- _ "  -------..-- "--b 
Neubauer, F, M . ,  Thermal cowection in the Martian atmosphere, J, Geaphys, Res., 
71, 2419, 1966. 
Ohring, G , ,  W, TangI J, flarfano, and 6 ,  Desanto, Planetarv Meteorologv A* 
Final Report, Contract NASw-1574, GCA-"T-68-4-N, Hav 1968, 
Opik, E. J,, The ?larefan surface, Science, - 153, 255-2155, 1966, 
Ryan, J, A,, Notes on the Martian yellow clouds, J. Geoohys. Res,, E, 3759, 
1964a. 
Ryan, .B. A,, Eolian t r a n s p o r t  of g ranu la r  m a t e r i a l  on Yars, presented a t  
12 th  I n t e r n a t i o n a l  Meeting of I n t e r n a t ,  Astron. Union, Earnburg, Gemany, 
August-Septemhe, l964b. 
Ryan, 9. A, and F. F. Fish ,  The X a r t i a n  vellow c louds ,  presented a t  annual 
meeting, U S ,  Univ. Ca l , ,  Berkeley, December 1965. 
Sagan, C,, P. L. Nanst, and A. T. Young, Nitrogen oxides on b4ars, Planet ,  
Space Sc i . ,  z, 73, 8965, 
Scorer ,  R. S., -- Natura l  ------ Aerodynamics, --"--- Pergamon P res s ,  1958. 
S i n c l a i r ,  P, C , ,  Some pre l iminary  d u s t  d e v i l  measurements, Man, Weather Rev., 
92, 363, 1964. 
-- 
S i n e l a i r ,  P. C . ,  A microbaraphone f o r  dus t  d e v i l  p re s su re  measurements, 
J. App. Meteor., 6, 116, 1965a. 
S i n c l a i r ,  P. C., On the r o t a t i o n  of dus t  d e v i l s ,  Bul l .  her. Meteor, Soc., l965b, 
S i n c l a i r ,  P. C,, A q u a n t i t a t i v e  a n a l y s i s  of t h e  dus t  d e v i l ,  Ph.D D i s s e r t a t i o n ,  
The Univers i ty  of Arizona, 1966. 
S in ton ,  W. F I . ,  PubP. A s t r .  Soc. Pac, ,  73, 125, P96P. 
-
Sinton,  W. M. and J. Strong,  Radiometric observa t ions  of LYars, A, J., 21, 
459-464, 1960. 
Sut ton ,  0.  G . ,  Mic ro rne t eo r~~ logy~  McGraw H i l l  Book Company, New Pork, 1953. 
--.---- - 
Taylor ,  6 -  I., ?lotion of s o l i d s  i n  f l u i d s  t h e n  t h e  flow i s  not  i r r o t a t f o n a l ,  
PPOC. Roy. Soc., A, -- 93, 99, 1917. 
Taylor ,  6 .  I , ,  Experiments i n  r o t a t i n g  f l u i d s ,  Proc. Roy. Soc., A ,  100, 1 1 4 ,  
-
1921. 
Wells, R. A . ,  An a n a l y s i s  of 5iar t ian clouds and t h e i r  topographical  r e l a t i o n s h i p s ,  
S c i e n t i f i c  Note, ESRO SN-54, 1966, 
Williams, N. R , ,  Development of d u s t  w h i r l s  and s i m i l a r  small-scale  v o r t i c e s ,  
Bul l .  h e r ,  ?feteor,  Sac., 22, 106, 1948, 
Wi t t ing ,  J , ,  F. Narin, and C, A. Stone, Yaks: Age of Its c r a t e r s ,  Science,  149, 
1496, 1965. 
